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The model organism Synechocystis sp. PCC 6803 (hereafter Synechocystis 6803) has been 
used for photosynthetic, genomic, proteomic and transcriptomic studies. Recent discoveries 
of genetic instability in lab strains throughout the world led to the resequencing of the lab 
strain used in the University of Otago named GT-O1. This lead to the discovery of its 
substrain GT-O2 that possesses five mutations that were unique from the GT-O1 strain. 
These mutations were in the chlH, hik8, fadD, htrA and yvcK genes. The GT-O2 strain was 
unable to acclimatise to prolonged high light periods in comparison to the GT-O1 strain. To 
elucidate the cause of the high light phenotype, chlH mutant strains (made in the GT-O1 and 
GT-O2 background) and hik8 mutant strains (made in the GT-O1 background) had been 
constructed to express either the GT-O1 or GT-O2 copy of the gene of interest. No major 
high light phenotype was detected in the chlH mutant strains with the exception of a GT-O2 
background mutant strain expressing the GT-O1 copy of chlH. This mutant unexpectedly 
demonstrated severe growth deficiency despite expressing a non-mutated copy of chlH. This 
suggested the chlH mutation was not solely responsible for the GT-O2 high light phenotype 
observed but rather a combination of GT-O2 mutations. Under high light, the hik8 mutant 
strains had shown no differences in growth rates regardless of the copy of hik8 expressed; 
the hik8 gene was therefore ruled out due to the lack of phenotype. This leaves the fadD, 
htrA and yvcK genes as the other potential contributors to the high light phenotype. Mutants 
had been made in a similar fashion to the chlH mutants for the fadD, htrA and yvcK genes in 
this study. Results from this study demonstrated that the fadD, htrA and yvcK genes were 
able to confer photoprotection through different mechanisms; the fadD gene affects chl a 
production and may affect membrane stability; the htrA gene may confer photoprotection 
through protease activity; the yvcK gene affects carbon metabolism which would upset the 
balance between photosynthesis and respiration. Along with the chlH and hik8 gene, it paints 
a picture that all five mutations in GT-O2 strain all contribute to its high light phenotype. Data 
suggests that the mutations likely occurred to allow the GT-O2 strain to adapt better on a 
heterotrophic media that it is maintained on. However, these mutations proved 
disadvantageous in conditions where photoautotrophic growth is required and this would be 
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Chapter 1 - Introduction 
 
1.1  The model cyanobacterium Synechocystis sp. PCC 6803  
 
The increasing human population has increased pressure on energy resources and 
food production. The over-reliance of fossil fuels is unsustainable in the long-term as 
it is a finite resource and it contributes significantly to climate change. Alternative 
cleaner and more sustainable energy resources have been explored or developed 
over the years such as nuclear, hydrogen, wind, biofuel or solar energy in order to 
offset reliance on fossil fuels (Ellabban et al., 2014). Food production had also been 
optimized through making livestock breeds or crop varieties that are either more 
productive or resistant to climate change or diseases (Hayakawa et al., 1992; 
Thundathil et al., 2016).  
 
Photosynthesis research can play a part in easing the resource pressure. In-depth 
knowledge and discovery of its mechanisms can help optimize current solar energy 
solutions (Makita and Hastings, 2017). Use of cyanobacteria to harness the power 
of light to fix carbon dioxide into fermentable sugars or produce lipids that can be 
used for bioethanol production or biodiesel production. Genetic modifications to 
create more productive strains would help achieve higher production (Nozzi et al., 
2013). For example, Kromdijk et al. (2016) had demonstrated improved yield 
through genetic engineering of crop photosynthetic response to light fluctuations.  
 
Synechocystis sp. PCC 6803 (hereafter, Synechocystis 6803) is a model organism 
for studies in photosynthesis and its related metabolism as well as biofuel 
production (Kopf et al., 2014). It is a freshwater, unicellular cyanobacterium 
possessing similar photosynthetic systems to plants. It was the first photoautotrophic 
organism to be fully genome sequenced (Kaneko et al., 2003, 1996, 1995; Kaneko 
and Tabata, 1997) and is also naturally transformable (Grigorieva and Shestakov, 
1982; Haselkorn, 1991; Porter, 1988; Williams, 1988), making it popular for 






1.2  Identification of Synechocystis 6803 substrains 
 
The original Synechocystis 6803 was isolated from a lake in Oakley, California by R. 
Kunisawa from the University of California, Berkeley (Stanier et al., 1971). This 
strain was named the “Berkeley strain” and it was stored in the Pasteur Culture 
Collection (PCC 6803 strain) and the American Type Culture Collection (ATCC 
27184 strain). The ATCC 27184 strain however, has lost its motility due to a 1 bp 
insertion in its spkA gene (Morris et al., 2017; Trautmann et al., 2012).  
 
A glucose tolerant (GT) strain was derived from the ATCC 27184 strain by Dr J.G.K. 
Williams and named Williams GT strain (Ikeuchi and Tabata, 2001; Morris, 2014; 
Williams, 1988). The GT-Kazusa substrain was derived from this Williams GT strain 
after it was given to the Kazusa DNA Research Institute in Japan and it became the 
first phototrophic organism to be genome sequenced (Kaneko et al., 2003, 1996, 
1995; Kaneko and Tabata, 1997). The glucose tolerance phenotype is desirable trait 
for research purposes as it allow cells to grow photomixotrophically instead of 
photoautotrophically. This allowed addition of herbicide atrazine into the growth 
media to halt Photosystem II (PS II) function, thus avoiding spontaneous mutations 
caused by increased ROS formation from PS II activity of impaired centres (see 
Section 1.14.).  
 
The availability of genome sequencing in recent years uncovered de novo mutations 
or phenotypes in wild-type strains used in labs worldwide (Tajima et al., 2011). 
These mutations or phenotypes were observed to be specific to lineages or 
substrains such as the GT-S strain (initially thought to be a GT Kazusa strain) 
(Tajima et al., 2011), positive phototactic strain (PCC-P), negative phototactic strain 
(PCC-N) (Kanesaki et al., 2012) and the Synechocystis 6803 Moscow strain (PCC-
M) (Trautmann et al., 2012). Errors in the original published genome sequence of 
the GT-Kazusa strain were also brought to light (Kanesaki et al., 2012; Tajima et al., 
2011). The discovery of the genetic instability of Synechocystis 6803 had raised 
concerns that these genetic differences could affect the comparability of studies and 





In 1994, Dr W.F.J. Vermaas from Arizona State University had gifted the Williams 
GT strain to Dr J. J. Eaton-Rye at the University of Otago, this wild-type lab strain 
was then named Glucose Tolerant-Otago 1 (GT-O1) strain (Morris et al., 2014). 
Increased awareness of the genetic instability of Synechocystis 6803 lab strains 
along with observed phenotypic inconsistencies of wild-type strains used within the 
lab led to genome sequencing of the GT-O1 strain (Crawford, 2015; Morris, 2017).  
 
The reconstructed genome sequencing revealed GT-O1 possessed mutations 
unique from its parent Williams GT strain. At the same time a GT-O1 substrain had 
been identified, this had its own set of mutations unique from its parent strain GT-
O1. This substrain was named Glucose Tolerant-Otago 2 (GT-O2) strain. 
 
The GT-O2 substrain had demonstrated a high light phenotype which was attributed 
to its unique mutations. Investigation into this phenotype had led to the creation of 
strains derived from its mutant genes out to elucidate the cause of this phenotype 
(Crawford 2015, Crawford et al., 2016). 
 
 
1.3  The genotype and phenotype of the Synechocystis 6803 GT-O2 
substrain  
 
The GT-O2 substrain was found to possess five chromosomal mutations in protein 
coding genes that were unique from GT-O1. These mutations were in the following 
genes: slr1055 chlH, sll0750 hik8, slr1609 fadD, slr1204 htrA and sll0154 yvcK gene 
(Morris, 2014). The GT-O2 strain had a different whole-cell absorption spectra 
(WCS) compared to the GT-O1 strain. When grown under normal light conditions, 
the GT-O2 strain was observed to reach a lower final cell density than the GT-O1 
strain in the photoautotrophic growth assay (Crawford, 2015). WCS and chlorophyll 
a (chl a) analysis revealed the GT-O2 strain had significantly decreased chl a levels 
compared to the GT-O1 strain (Crawford, 2015). Low-temperature (77K) 
fluorescence emission spectroscopy was used to investigate the PS II: PS I ratio 
(Lamb et al., 2018). The wild-type strains demonstrated that the GT-O2 strain had a 
significant decrease in Photosystem I (PS I) emission compared to the GT-O1 
strain. These results are consistent with decreased chlorophyll production in the GT-
O2 strain compared to the GT-O1 strain.  
4 
 
Under high light conditions, the GT-O2 strain had a similar growth rate to the GT-O1 
strain during the first 48 h of the growth assay. However, after 48 h the GT-O2 strain 
cell density plateaued over the next 48 h while the GT-O1 strain cell density 
continues to climb, although at a slower rate than previously. The final cell density of 
the GT-O2 strain eventually reached that of the GT-O1 strain (see Appendix 1:  
Figure 6.17A). Photobleaching of the GT-O2 strain was also observed from 48 h 
time point onwards (see Appendix 1 Figure 6.17E). This high light phenotype 
suggests the GT-O2 strain was able to grow under high light conditions but has 
difficulty acclimatizing to high light over longer periods of time. This phenotype was 
attributed to one or a combination of some or all of the five unique mutations that it 
possess from the GT-O1 strain.  
 
 
1.4.  Unique mutations in the Synechocystis 6803 GT-O2 substrain 
1.4.1.  Magnesium-chelatase subunit, ChlH  
 
The slr1055 chlH gene encodes ChlH, a subunit and catalytic site of magnesium 
chelatase (Mg-chelatase), an enzyme involved in Chl a biosynthesis. Mg-chelatase 
itself is comprised of ChlH, ChlI and ChlD subunits (Wang and Grimm, 2015). In the 
GT-O2 strain, the G195E mutation in chlH occurs in a conserved region of the gene 
(Morris, 2018; Morris et al., 2014). 
 
Chl a synthesis forms one part of the branched tetrapyrrole synthesis pathway which 
includes the synthesis of heme and other phycobilins. There are 15-steps in 
tetrapyrrole synthesis, beginning with assembly of a chlorin ring from glutamate, 
followed by an attachment of methyl group side chain, then insertion of a 
magnesium ion in the middle of the chlorin ring and finally a hydrocarbon tail (Fujita 
et al., 2015). The enzyme Mg-chelatase is responsible for the insertion of the 
magnesium ion into the chlorin ring, converting protoporphyrin IX into Mg-
protoporphyrin IX. This step commits the protoporphyrin IX down the Chl a 
biosynthesis pathway as the protoporphyrin IX is the step where the tetrapyrrole 





Chl a itself is a cofactor in photosynthesis, it is in both PS I and PS II and is required 
for PS II assembly as well as it being part of the cycle to repair the damaged D1 
protein of PS II (Crawford, 2016; Komenda et al., 2012; Yao et al. 2012). The lower 
chl a levels in the GT-O2 strain was attributed to the defective chlH gene which 
would have affected chl a production and thus affecting PS I assembly as PS I has 
almost triple the amount of chl a than PS II (Jordan et al., 2001; Lamb et al., 2018; 
Umena et al., 2011). 
 
 
1.4.2.  Histidine kinase, Hik8  
 
The sll0750, hik8 gene encodes histidine kinase 8 (Hik8), a two-component 
environmental sensor responsible for regulating gene expression in metabolic 
pathways such as glycolysis, gluconeogenesis, glycogen metabolism and the 
oxidative pentose phosphate pathway (Okada et al., 2015; Singh and Sherman, 
2005). In the GT-O2 strain, the hik8 possess a R65C mutation (Morris, 2014) which 
occurs in a conserved region that was suggested to be the Kai-C binding domain 
(Hanning, 2015). 
 
Singh and Sherman (2005) demonstrated deletion of hik8 has demonstrated 
pleiotropic effects to glucose metabolism and is observed to be conditionally lethal. 
Under light conditions (between 6-24 h light a day), the ∆hik8 strain was able to 
grow photoautotrophically and mixotrophically. However, increasing the dark period 
slowed growth under mixotrophic conditions compared to the wild type. In dark 
conditions, the ∆hik8 strain was observed to not grow under heterotrophic conditions 
(Singh and Sherman, 2005).  
 
Overexpression of hik8 has led to a strain that grows slowly under light conditions 
and also altered carbohydrate and amino acid metabolism. The strain was however, 
unable to grow in the dark (Osanai et al., 2015). An overexpression hik8 strain also 
showed upregulation of PS I and PS II genes and decrease in effective quantum 
yield of PS II electron transport (Kuwahara, 2015). 
 
The Hik8 protein shares homology with the SasA protein in Synechococcus 
elongatus PCC 7942 which is known to directly interact with the KaiC protein 
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(Iwasaki et al., 2000). The KaiC protein belongs to a family of proteins called the Kai 
proteins whereby KaiA, KaiB and KaiC are responsible for maintaining the S. 
elongatus PCC 7942 circadian rhythm (Golden and Canales, 2003). As 
Synechocystis 6803 also has a family of KaiAB1C1 homologue proteins in its 
genome (Kanesaki et al., 2012), this suggests Hik8 would also have similar function 
as SasA. In 2015, Osanai et al. was able to show through immunoprecipitation that 
Hik8 also binds to KaiC1 in Synechocystis 6803. However, unlike Synechococcus 




1.4.3.  Acyl-acyl carrier protein synthetase, FadD 
 
The slr1609 gene encodes the acyl-acyl carrier protein synthetase also known as 
FadD that is found in the plasma membrane of the cell and is responsible for fatty 
acid (FA) activation (Pisareva et al., 2007; Srivastava et al., 2005). It is the only 
candidate gene found in Synechocystis 6803 that can activate FA (Kaczmarzyk and 
Fulda, 2010). In GT-O2, the mutation on the fadD gene results in a R642Q mutation 
in the protein (Morris, 2018; Morris et al., 2014). 
 
Cyanobacteria can synthesize their own FA through Type II FA synthase (FAS), a 
multi-protein complex (Currie et al., 2020). The FA is synthesized and lengthened 
through a series of reactions where Type II FAS adds two carbon units for each 
reaction to the FA. Cyanobacteria also exhibit exogenous uptake of free FA (FFA) 
as well as recycling of the endogenous FFA (present in low amounts in the cell) that 
have been released from membrane lipids (Kaczmarzyk and Fulda, 2010). These 
FFA can be incorporated into the cyanobacteria lipid metabolism pathways as well 
(Wang et al., 2020).  
 
The nascent or incorporated FA or FFA requires the acyl-carrier protein (ACP) to 
transport it to the next functional domain in the Type II FAS for further reactions or 
around the cell to be incorporated into the cell or thylakoid membranes or to be used 
as feedback inhibitors for FA synthesis (Currie et al., 2020). The FadD protein is 
responsible for binding the FA (exogenous or intracellular) to the ACP by utilising 
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one ATP to add the FA onto the 4’-phosphopantetheine arm of holo-ACP, thus 
activating the FA and allowing its transport into or within the cell (Beld et al., 2014).  
 
Cyanobacterial strains have been genetically engineered by combining the knockout 
of the fadD gene along with other genes to make strains that can overproduce and 
secrete FA which will be harvested for biofuel (Liu et al., 2011; Figure 1). 
Synechocystis 6803 ∆fadD cells were found to unable to uptake exogenous FA, 
have a higher FFA intracellular concentration and higher FA secretion suggesting 
disturbed FA recycling pathways (Kaczmarzyk and Fulda, 2010).  
 
In Synechococcus sp. PCC 7942 ∆fadD cells had decreased PS II activity and 
chlorophyll content making them more sensitive to high light conditions as they are 
more vulnerable to photodamage. As the cells had accumulated more intracellular 
FA, it destabilises PS II although the exact mechanism is unknown. It was 
speculated that FFA accumulation may act as a surfactant that disrupts membrane 
structures and associated processes including photosystems making it more 
vulnerable to photodamage (Takatani et al., 2015). 
 
 
Figure 1: Lipid metabolism in Synechocystis 6803. The fadD is highlighted in red. ACP: acyl-carrier protein; 





1.4.4.  High-temperature requirement A protein, HtrA 
 
The slr1204 gene encodes the high temperature requirement A protein also known 
as HtrA. It is a member of the Deg/Htr protease group that is present in almost all 
Archaea, Bacteria and Eukarya. This family of ATP-independent serine proteases 
have been well studied in Escherichia coli (E. coli) but not in cyanobacteria (Cheregi 
et al., 2016, 2015). Phylogeny of the Synechocystis 6803 Deg/Htr proteases had 
revealed that they are more closely related to each other than that of E. coli 
(Huesgen et al., 2011). In GT-O2, the htrA gene mutation has a G deletion which 
resulted in a change in the amino acid (AA) sequence (Figure 13A-B) (Morris, 2018; 
Morris et al., 2014). 
 
The Synechocystis 6803 Deg/Htr protease group consists of HhoA (sll1679, hhoA), 
HhoB (sll1427, hhoB) and HtrA although other cyanobacteria are documented to 
possess between two to five proteases in the group (Huesgen et al., 2009; Miranda 
et al., 2013).  
 
HtrA has been found in the outer membrane, HhoA is found in the periplasm while 
HhoB is speculated to be located in the periplasm (Fulda et al., 2000; Huang et al., 
2004; Huang et al., 2006). Roberts et al. (2012) reported all three proteases were 
found in the plasma membrane while HhoA and HtrA have also been found in the 
thylakoid membrane. All three proteases have a C-terminal Post-synaptic density 
(PDZ) domain for interacting with other proteins (Huesgen et al., 2009; Miranda et 
al., 2013). HtrA also possess a predicted transmembrane domain at its N-terminal 
(Cheregi et al., 2015).  
 
Studies to identify substrates for the Deg/Htr proteases in Synechocystis 6803 have 
not been conclusive. Barker et al. (2006) had disproven the initial theory that 
Deg/Htr proteases along with FtsH proteases were responsible for breaking down 
the damaged D1 protein in PS II (Nixon et al., 2005; Sokolenko et al., 2002). A triple 
knockout strain lacking the Deg/Htr proteases revealed that this protein group 
involvement in the breakdown of the damaged D1 was not exclusive. This triple 
knockout strain also demonstrated high light and high temperature sensitivity that is 
not seen in the double knockouts, suggesting the Deg/Htr proteases share over-
lapping functions (Barker et al., 2006).  
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Recombinant Deg/Htr proteases in an in vitro setting show that all three proteases 
could degrade the same substrates with preferential targeting of hydrophobic 
regions but each at different cleavage sites. Each protease also had a distinct but 
overlapping optimum pH and temperature profile further reinforcing the theory that 
their functions overlap (Huesgen et al., 2011). Single knockouts of each Deg/Htr 
protease have demonstrated that HhoB and HtrA are able to degrade PsbO and that 
HtrA could degrade the penicillin binding protein (Tam et al., 2015).  
 
Studies using triple knockout mutants showed sensitivity to antibiotics that target the 
peptidoglycan synthesis and membrane permeability. Electron microscopy also 
showed that they have a disorganized S-layer (Cheregi et al., 2015).  
 
Miranda et al. (2013) discovered that each of the proteases, while their functions 
were suggested to overlap, were co-expressed with different gene sub-networks. 
The hhoA gene was co-expressed with genes encoding protein folding, protein 
removal and signalling; the hhoB gene was co-expressed with genes encoding 
periplasmic proteins associated with metabolic or signal transduction pathways; the 
htrA gene was co-expressed with genes encoding for iron and nitrogen metabolism 




1.4.5.  Hypothetical protein, YvcK 
 
The sll0154 gene encodes for a hypothetical protein. On Cyanobase, it was 
incorrectly annotated as cruE as a tBLASTn search revealed it to be a yvcK 
homologue. Graham and Bryant (2008) had identified sll0254 as the actual cruE 
gene. Therefore, sll0154 will hereafter be referred to as yvcK (see Figure 14 A and 
C for tBLASTn search result). UniProtKB suggests that the YvcK in Synechocystis 
6803 is a gluconeogenesis factor that affects cell morphology. In the GT-O2 strain, 
YvcK possesses a S307F mutation (Morris, 2018; Morris et al., 2014). 
 
YvcK has a putative CofD region that is involved in the fourth step of coenzyme 
F420 synthesis. The CofD region has only been characterized in Methanococcus 
jannaschii (Graupner et al., 2002). YvcK homologs have been found in bacterial 
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species such Staphylococcus aureus, E. coli, Mycobacterium tuberculosis, 
Mycobacterium smegmatis, Listeria monocytogenes (L. monocytogenes) and 
Bacillus subtilis (B. subtilis) (Foulquier et al., 2011; Pensinger et al., 2016). 
However, most of the characterisation had taken place in B. subtilis, as of now, no 
characterisation of YvcK has been undertaken in cyanobacteria.  
 
In B. subtilis, yvcK is found to be part of an operon consisting of six open-reading 
frames yvcIJKL, crh and yvcN (Figure 2) (Görke et al., 2005). The genes yvcJKL are 
always found clustered with a crh gene for any bacilli that has crh but yvcI and yvcN 
may or may not be present (Galinier et al., 1997). The crh gene itself is involved in 
carbon catabolite repression. The yvcJKL are usually found in a cluster in gram-
positive bacteria. In E. coli, the homologues for yvcJ and yvcK are not clustered 
together but are found in separate sites in the chromosome (Görke et al., 2005).  
 
In B. subtilis, Görke et al. (2005) demonstrated that YvcK is involved in carbon 
metabolism as ∆yvcK cells grew normally on media supplemented with glucose but 
were unable to grow on media that requires gluconeogenesis to take place (i.e. it is 
unable to utilise substrates or carbon sources from the Krebs cycle and pentose 
phosphate pathway). The cells when grown on non-glycolytic liquid media had a 
different morphology such as having long filaments or swelling then bursting later 
on. The supplementation of magnesium ions to non-glycolytic media was able to 
restore growth defects and cell morphology. The study also found that the E. coli 
homologue of YvcK was able to functionally replace that of B. subtilis. 
 
Foulquier et al. (2011) demonstrated that YvcK forms cytoskeletal structure in a 
helical shape in B. subtilis. Knocking out mrb gene (which encodes a cytoskeletal 
protein that also forms helical structures) would cause the cell to lose its rod shape 
but the overexpression of yvcK would help restore it as YvcK is required for the 
localisation of penicillin binding protein 1, a protein which essential for cell wall 
synthesis in the cell (Foulquier et al., 2011). Foulquier and Galinier (2017) were able 
to show that YvcK binds in vitro to Uridine diphosphate-Glucose and Uridine 
diphosphate-N-acetylglucosamine to which the latter is a precursor for 




The YvcK deletion effect seen in in B. subtilis extends to mycobacterial species, 
changing the nutrient uptake of the cells affecting cell wall structure and thus the 
morphology as well. In addition the mutant cells are more vulnerable to antibiotics 
that target peptidoglycan synthesis (Foulquier and Galinier, 2017). In L. 
monocytogenes, YvcK homologue was found to be linked to stress response in the 
cell wall, glycerol metabolism, cytosol survival mechanisms in the host cell 
(Pensinger et al., 2016). 
 
Figure 2: The yvcK gene and its operon in Bacillus subtilis. Taken from Görke et al., 2005. 
 
 
1.5.  Investigating the genes causing the GT-O2 phenotype 
 
To investigate the genes causing the GT-O2 phenotype, Crawford made chlH and 
hik8 mutant strains de novo that could express either the GT-O1 or the GT-O2 copy 
of the gene through the use of plasmid constructs to transform the wild-type strains 
(Crawford, 2015). The plasmid constructs would introduce either the GT-O1 or the 
GT-O2 copy of the gene together with an antibiotic-resistance cassette to provide 
selection for the insertion (a schematic of this methodology is presented later, in 
Figure 10).  
 
The hik8 mutants were made in the GT-O1 background and could express either 
GT-O1 (R65R) or the GT-O2 (R65C) copy of hik8, they were called GT-O1: hik8-O1 
and GT-O1: hik8-O2, respectively. The chlH mutants were made in the GT-O1 and 
GT-O2 background and they could express either GT-O1 (G195G) or the GT-O2 
(G195E) copy of chlH, they were named GT-O1: chlH-O1, GT-O1: chlH-O2, GT-O2: 
chlH-O1 and GT-O2: chlH-O2, respectively.  
 
Previous attempts to create ∆chlH strains had led to partial segregation of the 
mutants suggesting that chlH is an essential gene (Kong and Xu, 2002). Therefore a 
strategy was devised to use a plasmid to first introduce a copy of chlH into the 
neutral site slr0168 before using another plasmid to knockout the chlH at its native 
site. The resulting double mutant would express chlH at the neutral site instead of 
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the native site. The first plasmid was constructed to introduce genes into the neutral 
site (PGNS_plasmid) (see Figure 9D for plasmid map) together with a 
spectinomycin resistance cassette (SpecR) via insertion of the gene of interest into 
a HindIII cut site in the plasmid. In this case the gene insert was either the GT-O1 or 
GT-O2 copy of chlH. The second plasmid was constructed to knockout the chlH at 
the native site. The neutral site slr0168 had been selected as this site had been 
commonly used the past two decades for gene insertion without any reported effects 




1.6.  Physiology of chlH and hik8 mutants  
 
WCS and low-temperature (77K) fluorescence emission spectroscopy was carried 
out for the chlH and hik8 mutants. Overall, the hik8 mutants showed no significant 
difference between strains that are expressing the GT-O1 (R65R) or GT-O2 (R65C) 
copy of hik8 (Crawford, 2015).  
 
For the chlH mutants, strains expressing the GT-O1 (G195G) or GT-O2 (G195E) 
copy of chlH resulted in pigment or emission profiles that resemble that of their wild-
type strain counterparts. Notably chlH mutants expressing the GT-O2 copy of chlH, 
had a decreased PS I emission similar to the GT-O2 strain in the low-temperature 
(77K) fluorescence emission spectroscopy. The chlH mutants also demonstrated 
that they produced similar amounts of Chl a to their wild-type counterparts 
depending on whether they are expressing the GT-O1 or GT-O2 copy of chlH 
(Crawford et al., 2016; Crawford, 2015). The decrease in PS I emissions was 
attributed to Chl a biosynthesis being affected by the G195E mutation in the chlH 
gene as Chl a insertion is required for Chl-binding proteins to fold (Eichacker et al., 
1996; Sobotka, 2014). 
 
Phototrophic growth assays for the chlH mutants under normal light conditions 
however, showed no significant difference in growth between the mutants and the 





1.7.  The effect of high light on chlH and hik8 mutants 
 
When grown photoautotrophically under high light conditions, GT-O1: hik8-O1 and 
GT-O1: hik8-O2 strains had similar growth rates to each other and also grew at a 
slightly slower rate than the GT-O1 strain (see Appendix 1:  Figure 6.17B) 
(Crawford, 2015).  
 
Under high light conditions the GT-O1: chlH-O1 strain had similar growth rates while 
GT-O1: chlH-O2 and GT-O2: chlH-O2 strains had decreased growth rates and lower 
final cell density when grown against GT-O1 ∆slr0168. Photobleaching was also 
observed for GT-O1: chlH-O2 and GT-O2: chlH-O2 strains after 48 h (Crawford, 
2015). 
 
Interestingly, the GT-O2: chlH-O1 strain was unable to grow photoautotrophically 
under high light conditions despite expressing a non-mutated copy of chlH (G195G) 
and instead of resolving high light sensitivity it produced an opposite effect. From 
this data Crawford theorized that the high light phenotype seen in the GT-O2 strain 
was not caused by the chlH defect alone, but a combination of GT-O2 gene 
mutations. The hik8 gene had been ruled out as a potential contributor to this 
phenotype as GT-O1: hik8-O1 and GT-O1: hik8-O2 strains had similar growth rates 
under high light conditions. This leaves either fadD, htrA and/or yvcK as the 
potential candidate genes that corroborate with chlH to cause the high light 
phenotype.  
 
As high light is known to exacerbate photodamage to the photosystems in the cell 
(see Section 1.14.), especially in the D1 subunit of PS II, it will ultimately affect the 
photosynthetic processes if the D1 repair cycle (see Section 1.15.) cannot keep up 
with the rate of damage and ETC turnover (see Section 1.12.) leading to decreased 
or no growth in photoautotrophic conditions. GT-O2 was observed to be more 
sensitive to high light as well as the GT-O2: chlH-O1 strain. More work is needed to 
understand why and how its unique mutations contributes to this phenotype and 






1.8.  Introduction to photosynthesis  
 
Photosynthesis is a process of converting light energy to chemical energy that is 
used by plants, cyanobacteria and algae. Oxygenic photosynthesis involves fixing 
carbon dioxide into carbohydrates while splitting water into oxygen (Blankenship, 
2010). This process is separated into light reactions and dark reactions. The light 
reactions involve the conversion of light energy into chemical energy in form of 
Adenine Triphosphate (ATP) and Nicotinamide adenine dinucleotide phosphate 
(NADPH) and the dark reactions involve the fixing of carbon dioxide into 
carbohydrates in the Calvin-Benson cycle by utilising the ATP and NADPH 
produced from light reactions (Bassham et al., 1950; Blankenship, 2010). The 
overall process of oxygenic photosynthesis can be simplified this equation: 
 
The light reactions occur in the thylakoid membrane of higher plants, cyanobacteria 
and algae and are dependent on highly conserved transmembrane protein 
complexes PS I, PS II, Cytochrome b6f (Cyt b6f) and ATP synthase (Figure 6B) 
(Nelson and Yocum, 2006; Vinyard et al., 2013).  
 
 
1.9.  Phycobilisome 
 
In cyanobacteria, the light harvesting complex (LHC), otherwise known as the 
phycobilisome (PBS), is responsible for harvesting light and efficiently directing it to 
the reaction centres P700 or P680 in PS I or PS II, respectively (Zhang et al., 2017). 
The PBS is coupled to either PS I or PS II as well as both photosystems at the same 
time (Liu et al., 2013). The PBS in Synechocystis 6803 consists of the 
phycobiliproteins; allophycocyanin, phycocyanin and phycoerthryn that are stacked 
to form a protein antennae complex (Figure 3) (Grossman et al., 1995; Pagliano et 





Figure 3: A schematic of a PBS structure coupled to either PS I or PS II. Dark green: 
allophycocyanin; Blue: allophycocyanin; PS I: Photosystem I; PS II: Photosystem II; Red: 
phycoerthryn. Adapted from MacColl, 1998. 
 
 
1.10.  The Photosystem II structure of cyanobacteria 
 
The PS II in cyanobacteria is a ~700 kDa transmembrane multi-protein complex 
located in the thylakoid membranes (Figure 4). It is a homodimer where each 
monomer consists of four core subunits D1, D2, CP43 and CP47 forming the core 
complex (Pagliano et al., 2013). This core complex is surrounded by 13 other low-
molecular-weight (LMW) proteins (PsbE-F, PsbH-M, PsbT, PsbX-Z and Psb30) and 
up to four extrinsic proteins (Umena et al., 2011; Zouni et al., 2001).There are 
numerous associated cofactors and peptides in the PS II monomer such as chl a, 
pheophytin (PHEO), plastoquinones, carotenoids, P680 and the oxygen-evolving 
complex (OEC) (Ferreira et al., 2004; Suga et al,. 2015). 
 
The proteins D1 and D2 form the reaction centre (RC) where electron transfer takes 
place. Cofactors bound to the RC that are involved in electron transfer are D1 
subunit 161st tyrosine residue (Yz), PHEO, plastoquinone QA and QB, P680, non-
heme iron and the OEC (Govindjee et al., 2010). P680 is the primary electron donor 
in PS II made up of four chlorophyll molecules and two pheophytins that are shared 
between D1 and D2 (Barber, 2002; Cardona et al., 2012). The OEC is the site of 
water splitting in the PS II monomer, it is bound to the lumenal side of D1 and D2 
(Barber, 2002; Thornton et al., 2004) and stabilized by the extrinsic proteins (Shen, 
2015; Roose et al., 2016). 
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The CP43 and CP47 proteins are core antennae chlorophyll-binding proteins that 
direct light from the PBS into P680 (Bricker and Frankel, 2002). The CP43 protein 
becomes bound to D1 and CP47 protein becomes bound to D2 during assembly 
(Pagliano et al., 2013). CP43 also provides ligands for the OEC (Nelson and Yocum, 
2006). 
 
Extrinsic proteins PsbO, PsbU, PsbV and possibly CyanoQ protect and stabilize the 
OEC from the reductive lumenal environment and increase its affinity for cofactors 
such as calcium and chloride ions (Bricker et al., 2012; Roose et al., 2016; Shen, 
2015). The extrinsic proteins bind to the PS II monomer after its assembly and when 
the OEC activates (Nickelsen and Rengstl, 2013). PsbO binds to the loop-E of CP43 
and CP47 as well as to the C-terminus of D1 and D2 while PsbV binds to the loop-E 
of CP43 and the C-terminus of D1 and D2. PsbU then binds to PsbO, PsbV, the 
loop-E of CP43 and CP47 and the C-terminus of D1 and D2 (Bricker et al., 2012; 
Ifuku and Noguchi, 2016). PsbQ is speculated to bind last to PsbO and loop-E of 




Figure 4: A schematic of a PS II monomer with the low-molecular weight proteins represented 
as the grey band surrounding the monomer as their approximate location. Pink: extrinsic 
proteins; P43: CP43 subunit; CP47: CP47 subunit; D1: D1 subunit; D2: D2 subunit; LMW proteins: 







1.11.  The oxygen-evolving complex and its different S-states (photolysis of 
water) 
 
The OEC is also known as the manganese-cluster (Mn4CaO5) and is comprised of a 
four manganese ions (Mn), five oxygen ions and a calcium ion arranged in a chair-
like structure (Ferreira et al., 2004; Suga et al., 2015; Umena et al., 2011) (Figure 
5A). To split water into oxygen and protons, the OEC undergoes the “Kok cycle” 
where it cycles through five different oxidation states, termed S-states, to build up 
enough oxidizing potential to split the water molecule (Kok et al., 1970; Joliot et al., 
1971). The overall equation of water splitting can be summed up below:  
 
The five S-states are S0-4 and at each state an electron is removed from one of the 
manganese ions following a P680 charge separation event where YZ+ transfers an 
electron from the Mn ions to reduce P680+. At its ground oxidation state, S0, the 
OEC has three Mn3+ ions and one Mn4+ ion (Kulik et al., 2007). Between S0-3, each 
time an electron is removed from a Mn ion, the OEC moves to a higher oxidation 
state. S4 is a transient state when all the available Mn3+ ions has transitioned to Mn4+ 
providing enough oxidizing potential to split the water into oxygen. The mechanism 
of water splitting however, is currently unknown (Suga et al., 2017). After this, the 

























Figure 5: The structure of the OEC and the Kok cycle. A) Chair-like structure of the OEC with the different 
ions numbered according to Umena et al, 2011. B) The Kok cycle demonstrating the cycle of the S-states 
in the OEC. Blue circles: oxygen ions; orange circles: calcium ion; purple circles: manganese ions; e -: 
electron; hv: photons 
 
 
1.12.  The photosynthetic electron transport chain and the generation of 
NADPH and ATP  
 
In PS II, light energy is captured by the PBS which transfers it to the RC where P680 
is located. Charge separation occurs when P680 becomes excited by the light 
(P680●) and in order to stabilize the radical ion, the electron is quickly transferred to 
cofactor PHEO in D1 which then transfers it to QA in D2. P680+ becomes reduced by 
a nearby YZ in 161st position of D1 and YZ+ is in turn reduced by an electron from 
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the OEC (Renger, 2012). The OEC generates electrons through the splitting of 
water into H+ and oxygen (Nelson and Yocum, 2006).  
The electron in QA- is then passed on to QB, thus oxidising QA and allowing it to 
accept electrons again. In order for electron transfer to proceed, QB has to gain two 
electrons from QA, this is termed as the “two-electron gate”. Each time QB gains an 
electron, its negative charge is stabilized through protonation from the cytosolic H+. 
Once QB has gained two electrons, it becomes a fully reduced plastoquinol (PQH2) it 
is then released from its D1 binding pocket and moves through the thylakoid 
membrane to Cyt b6f (Govindjee et al., 2010; Guskov et al., 2009). In PS II, electron 
transfer from P680 to PQH2 is termed the acceptor side while electron transfer from 
water to P680 is termed the donor side (de Wijn and Gorkom, 2001) (see Figure 6A 
for electron transfer in PS II).  
 
Cyt b6f oxidises PQH2 into plastoquinone QB releasing two H+ protons and two 
electrons, thus freeing QB which returns back to its D1 binding pocket. The two H+ 
protons from PQH2 were released into the lumen while the two electrons are 
transferred to either plastocyanin (PC) (containing copper) or Cytochrome c553 (Cyt 
c553) (containing iron) depending on availability of copper or iron (Zhang et al., 
1992).  
 
Electrons are transferred from PC or Cyt c553 to PS I then on to ferredoxin (FD). 
Ferredoxin NADPH reductase (FNR) then accepts these electrons and reduces 
NADP+ into NADPH in the cytosol marking the final step of electron transfer. The H+ 
protons released from the OEC, PQH2 and Cyt b6f into the lumen are all used to 
generate a proton gradient across the thylakoid membrane that drives ATP-
synthase to convert ADP + Pi into ATP by pumping the H+ back into the cytosol. The 
ATP and NADPH generated is utilised in the Calvin-Benson cycle to fix carbon 
dioxide into carbohydrates (see Figure 6B for overall view of electron transfer for 

















Figure 6: Overview of electron transfer, ATP and NADPH generation through photosynthesis. A) 
Eletron transfer within PS II. B) Electron transfer in the thylakoid membrane. Blue arrows represent 
electron transfer route i.e. the light reactions; brown arrows represent ATP or NADPH generation and 
utilization route i.e. the dark reactions; CP43: CP43 subunit; CP47: CP47 subunit; Cyt b6f: Cytochrome 
b6f; D1: D1 subunit; D2: D2 subunit; e-: electron; FD: ferredoxin; Fe2+: non-heme iron; FNR: ferredoxin 
NADPH reductase; OEC: oxygen-evolving complex; PC: plastocyanin; PHEO: pheophytin; PQ: 
plastoquinone; PQH2: plastoquinol; PS I: Photosystem I; PS II: Photosystem II; P680: P680 reaction 








1.13.  The Photosystem II assembly 
 
The assembly of a PS II monomer occurs in a stepwise fashion by the formation of 
pre-complexes and subsequent association of the complexes to each other. There 
are additional assembly factors or proteins that are associated with the pre-
complexes but are not present in the final mature PS II monomer (Figure 7). 
Assembly begins when the D2 subunit binds to Cyt b559 in the thylakoid membrane 
triggering the start of the assembly process (Komenda et al., 2012; Nickelsen and 
Rengstl, 2013). A precursor D1 (pD1)/PsbI pre-complex then assembles with the 
D2/Cyt b559 pre-complex with the help of Ycf48 to form the RC complex. C-terminal 
processing protease (CtpA) then removes the C-terminal of pD1 to form the mature 
RC (Nixon et al., 2010). The CP47/PsbH/PsbL/PsbM/PsbT/PsbY/PsbX pre-complex 
then associates with the RC complex with the association of assembly factors 
Ycf48, Sll0933 and Psb28 to form the RC47 complex. The assembly factors Sll0933, 
Sll0606 and Psb27 then assists the CP43/PsbK/PsbZ/Psb30 pre-complex to bind to 
the RC47 complex (Mabbit et al., 2014; Nickelsen and Rengstl, 2013).  
 
In presence of light, the OEC assembles then binds to the incomplete PS II 
monomer through a process called photoactivation (Bao and Burnap, 2016; 
Dasgupta et al., 2008) and is followed by the binding of extrinsic proteins and the 
coupling of the PBS to form the mature PS II monomer. The final step the assembly 
is the dimerisation of the monomer. (Boehm et al., 2012; Komenda et al., 2012; 















Figure 7: The overall process of de novo PS II assembly and its damage and repair cycle. Assembly factors have 
been omitted. Blue region: PS II de novo assembly; yellow region: PS II damage and repair cycle; pink: 
extrinsic proteins; grey: low-molecular weight proteins labelled with their gene designation letter or number; 
Cyt b559: cytochrome b559; OEC: oxygen-evolving complex; PS II: Photosystem II; RC: reaction centre. Adapted 




1.14  Photoinhibition 
 
Photoinhibition is the reduction of photosynthetic activity due to light. It occurs when 
the rate of PS II photodamage exceeds the rate of PS II assembly and repair 
(namely the replacement of the D1 subunit in the damaged PS II). Photodamage 
can occur under any light condition but becomes exacerbated under high light. PS II 
is also more vulnerable to the effects of photodamage than PS I. The photodamage 
causes the cessation OEC activity first, followed by PS II electron transfer 
(Tyystjärvi, 2008).  
 
The photodamage is attributed to the formation of reactive oxygen species (ROS) 
that occurs through the splitting of water to form oxygen in the OEC (Hakala et al., 
2005; Ohnishi et al., 2005); the charge recombination events between the triplet 
state of PHEO- and P680+ (Vass and Cser, 2009); the light-induced reduction and 
depletion of plastoquinone pool causing double protonation of QA and its resulting 
departure from its binding site (Vass et al., 1992); the failure of the OEC (due to 
direct light damage) to reduce P680+ (which is a strong oxidant) resulting in P680+ 
oxidizing the chlorophyll to form a triplet state chlorophyll (Callahan et al., 1986; 
Chen et al., 1992; Murata et al., 2007). In any case, the formation of triplet state 
chlorophyll in the RC and its subsequent interaction with oxygen would form the 
singlet oxygen that damages the RC and slows electron transfer (Hakala et al., 
2005). Other ROS formed includes hydrogen peroxide, super oxide anion and 
hydroxyl radicals (Vass, 2012). ROS formed can also suppress D1 expression, thus 
interfering with the PS II repair cycle (Murata et al., 2007; Takahashi and Badger, 
2011). 
 
Under high light conditions, increased light energy causes the more photodamage to 
D1, delaying the rate of electron transfer in PS II and thus retaining the presence of 
reducing and oxidizing agents for longer periods of time and increasing chances for 








1.15.  The Photosystem II repair cycle 
 
The site of photodamage occurs in both D1 and D2 however, D1 sustains more 
damage (Jegerschöld et al., 1990; Shipton and Barber, 1994).  On sustaining 
irreversible oxidative damage, the PS II complex partially dissembles to remove its 
damaged D1 and replace it with a newly synthesized pD1. The disassembly leaves 
behind a modified RC47 complex that exposes the damaged D1 allowing its removal 
and degradation by FtsH proteases (Komenda et al., 2012; Mulo et al., 2012). 
Chlorophyll is recycled from the damaged D1 (Silva et al., 2003; Boehm et al., 
2012). 
 
A new pD1 then takes the place of the damaged D1. From this point on, re-
assembly of the PS II monomer follows the de novo assembly of PS II where CtpA 
removes the C-terminal of pD1 and forms the mature RC. After that, the original 
CP43/PsbK/PsbZ/Psb30 pre-complex, OEC as well as the extrinsic proteins would 
re-integrate itself back to the RC47 complex and dimerisation of the PS II monomer 
would take place to form a functional PS II (Nixon et al., 2010) (Figure 7). 
 
 
1.16.  Aims of this study 
 
The aims of this study are to identify the gene(s) responsible for the high light 
sensitivity of the GT-O2 strain as well as the high light phenotype seen in the chlH 
mutant in Crawford’s study (2015). Where the chlH mutant strain in the GT-O2 
background expressing the GT-O1 copy of chlH was unable to grow under high light 
conditions. To achieve this goal, mutants will be made for the genes of interest, 
which exhibited mutation in the GT-O2 strain compared to the GT-O1 strain. These 
genes are: fadD, htrA and yvcK. These mutants would be preliminarily screened for 









Chapter 2 – Methods 
 
2.1.  In silico analysis 
2.1.1.  Gene conservation 
 
Cyanobacterial genomes taken from the Botany Department’s database (curated by 
Kevin Sheridan) were used to investigate the genes of interest. Geneious Prime 
2019.2.3 (https://www.geneious.com) tBLASTn function was first used to look for the 
translated genes of interest within the database as well as some relevant bacterial 
species (downloaded from NCBI). Up to 200 hits were requested from the BLAST 
output. These ≤ 200 AA sequences were aligned using the clustal omega plug-in 
within Geneious and sequences with poor alignment or poor pairwise % identity to 
the reference gene were discarded from the ≤ 200 AA sequences. 
 
Poor alignment was defined as the AA sequence being too short to properly align to 
the reference gene with the cut-off at least ~65 % of the gene of interest sequence 
length. Pairwise % identity is decided after aligning a hit sequence to the reference 
gene. The Geneious software determines the similarity by looking at the AA 
sequence in the same position and calculating the number of similar bases divided 
by the total number of paired AAs. Any hit that has <40 % pairwise % identity to the 
reference gene was discarded. 
 
The alignment was used to check for gene conservation across the cyanobacterial 
and/or bacterial species. For the fadD and yvcK gene, the percentage of type of AA 
residues at the AA mutation site was also observed. Consensus of AA residue at 












2.2.  Molecular biology  
2.2.1.  Workflow for making plasmids 
 
The GT-O1 or GT-O2 copy of the gene of interest was first amplified from WT 
genomic DNA template (gDNA). The resulting Polymerase chain reaction (PCR) 
products were then purified for follow-up reactions. The plasmid vector 
(PGNS_plasmid) made by Crawford (2015) was linearised with HindIII restriction 
enzyme prior to ligation of the amplified gene fragment. Where required, depending 
on which gene insert to be ligated to the vector, the linearised PGNS_plasmid would 
be blunted or dephosphorylated. Once the appropriate modifications have been 
made to the insert and vector, they were added to a ligation reaction to assemble 
the plasmid (Figure 8 Plasmid assembly stage). 
 
To produce the plasmids (Figure 8 Molecular cloning stage), the competent DH5α E. 
coli cells were transformed with ligation mix and the cells were plated onto selective 
media. Colonies appearing on the selective media were picked for plasmid 
extraction. 
 
The extracted plasmids were screened (Figure 8 Plasmid screening and sequencing 
stage) with at least three different restriction enzymes and their digested products 
were visualised on agarose gel. The digest product size was used to ascertain the 
presence and the orientation of the insert to the vector. The expected digest product 
sizes was curated by a genetic visualisation and engineering software that can run 






Figure 8: Workflow to make the required plasmids to introduce gene of interest into slr0168. In the plasmid 
assembly stage, PGNS_plasmid is linearised and the desired gene inserts were amplified and ligated to the 
linearised plasmid. The competent E. coli cells would be transformed using the resulting plasmid construct in 
the molecular cloning stage. The E.coli would be grown on selective media and their plasmids would be 
extracted. In the plasmid screening stage the extracted plasmids would be digested by three different 
restriction enzymes and the digest product sizes would be used to identify the presence and orientation of 
the desired gene insert. Plasmids that have the desired digest product sizes would be sent for sequencing to 





2.2.2.  Plasmid constructs   
 
The SnapGene® software (GSL Biotech; available at snapgene.com) was used to 
design plasmid maps of the desired construct. Snapgene was also used to run 
simulated PCR reactions or restriction digests of plasmids or PCR products to allow 
the user to determine the expected product sizes for plasmid screening or colony 
PCR products in vitro. The 11 plasmids used in this study are described in Table 1. 
The nine plasmids to introduce the gene of interest into slr0168 neutral site had 
been constructed in this study while the remaining four knockout plasmids have 
been constructed in previous studies.  
 
The knockout plasmids for the fadD, htrA and yvcK gene had been constructed to 
have the gene of interest with ~500 bp flanking regions. Overlap-extension PCR 
was used to replace most of the gene of interest with a kanamycin resistance 
cassette. This PCR product was then ligated to a pJET 1.2 plasmid vector (pJET) 
(Thermoscientific) (see Figure 9A-C). The primers used for constructing these 
knockout plasmids were also used in this project for sequencing.  
 
The knockout plasmid for the neutral site slr0168 (PGNS_plasmid) had been 
constructed in a previous study to introduce genes of interest into the neutral site of 
Synechocystis 6803. The PGNS_plasmid contains part of the gene slr0168 with 
~700 bp flanking regions ligated into a pGEM-T Easy vector (Promega, USA). The 
slr0168 gene is mostly replaced with a spectinomycin resistance cassette (see 
Figure 9D). This plasmid had been designed to allow gene insertions in a HindIII cut 
site via sticky ligation. This HindIII cut site is located upstream of the spectinomycin 
resistance cassette (SpecR). Once the gene of interest was inserted into the HindIII 
cut site, the plasmid was used to transform Synechocystis 6803 to allow 
homologous recombination of the disrupted slr0168 site consisting of the gene of 
interest and the SpecR.  
 
The gene of interest to be inserted into slr0168 was amplified from gDNA from either 
WT GT-O1 or WT GT-O2 as required using primers designed to introduce HindIII 
cut sites at the ends of the PCR products (see list of primers on Table 2). The PCR 
products were purified before undergoing follow-up ligation or restriction digestion 
(see Section 2.2.5. for PCR purification). 
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HindIII was used to digest both the PCR product and the PGNS_plasmid to produce 
sticky ends to allow the insert to be ligated to the vector (see Section 2.2.6. for 
restriction digestion). The sticky ended PGNS_plasmid was dephosphorylated 
before the ligation reaction (see Section 2.2.7. for dephosphorylation). 
 
The PCR products carrying either the GT-O1 or GT-O2 copy of htrA and yvcK were 
ligated into the linearised PGNS_plasmid. However, the PCR products carrying the 
GT-O1 and GT-O2 copy of fadD possess multiple HindIII cut sites within the gene. 
Blunting of the sticky ended linearised PGNS_plasmid was necessary before ligating 
the PCR product to the plasmid (see Section 2.2.8. for blunting reactions).  
 
The competent DH5α E. coli cells were transformed with the ligation mix to clone the 
plasmid (see Section 2.3.2. for E. coli transformation). These transformed cells 
would then be plated on selective agar media. Up to 40 colonies per transformation 
were selected to be grown up for plasmid extraction (see Section 2.3.3. for alkaline 
plasmid extraction for E. coli. The extracted plasmids would be screened with at 
least three different restriction enzymes (see Section 2.2.6. for restriction digestion). 
The plasmid inserts were then sent off to Genetic Analysis Services in New Zealand 
to be Sanger sequenced. The product sizes from the enzyme digest would reveal if 
the desired insert has ligated to the vector or not as well as the orientation of the 
insert. 
 
Table 1: A list of plasmids used to make the double mutants in this study. The knockout plasmids 
were made in in previous studies while the rest were constructed for this study. 
Plasmids used Description Reference 
OE_∆fadD_plasmid  Knock out fadD at chromosomal site Koh, 2019 
OE_∆htrA_plasmid Knock out htrA at chromosomal site Koh, 2019 
OE_∆yvcK_plasmid Knock out yvcK at chromosomal site Koh, 2019 
PGNS_plasmid Knock out slr0168 at the chromosomal site Crawford, 2015 
PGNS_fadD_O1_plasmid Introduces GT-O1 fadD into neutral site slr0168 in anticlockwise orientation This study 
PGNS_fadD_O2_plasmid Introduces GT-O2 fadD into neutral site slr0168 in clockwise orientation This study 
PGNS_htrA_O1-4_plasmid Introduces GT-O1 htrA into neutral site slr0168 in anticlockwise orientation This study 
PGNS_htrA_O1-16_plasmid Introduces GT-O1 htrA into neutral site slr0168 in clockwise orientation This study 
PGNS_htrA_O2_plasmid Introduces GT-O2 htrA into neutral site slr0168 in clockwise orientation This study 
PGNS_yvcK_O1_plasmid Introduces GT-O1 yvcK into neutral site slr0168 in anticlockwise orientation This study 















Figure 9: Plasmids constructed from previous studies that are used for this study. A) Plasmid 
map of the fadD knockout plasmid. B) Plasmid map of the htrA knockout plasmid. C) Plasmid 
map of the yvcK knockout plasmid. D) Plasmid map of slr0168 knockout plasmid. Yellow arrow 
indicates HindIII cut site.  
 
 
2.2.3.  Primers 
 
Primers were designed using the Snapgene software and simulated PCR runs were 
carried out using Amplify 4 to ensure each primer pair was compatible and able to 
amplify the template Deoxyribonucleic acid (DNA). See Table 2 for list of primers 
used to construct the plasmids and for sequencing. The primers used were 




Table 2: Primers used for PCR reactions and sequencing. Bold, underlined letters 

















































2.2.4.  PCR reactions 
 
Standard PCR: Phusion High-Fidelity DNA polymerase (NEB) was used for  
standard PCR reactions. The amplified DNA fragments were used for ligation 
reactions or visualisation on agarose gel to check for segregation of the recombined 
gene. PCR was carried out as per manufacturer’s protocol. The polymerase was 
used in conjunction with the 5x Phusion HF buffer from the kit and typically run for 
30-35 cycles in a 50 µL reaction. The annealing temperature of the primer pairs was 
ascertained using the ThermoFisher Tm Calculator and elongation time was 
adjusted to suit expected PCR product size and the elongation time was 30 s/kb. 
Templates used for these PCR reactions were gDNA from WT or mutant 
Synechocystis 6803 strains. 
 
Colony PCR: KAPA3G plant PCR kit (KAPA Biosystems) was used for colony PCR 
of the Synechocystis 6803 mutants to check for complete segregation. The 
templates used for these PCR reactions were whole cell suspension from mutant 
Synechocystis 6803 strains. A sterile pipette was used to scrape ~1 µL of cells off 
the agar plate and resuspended into sterile Milli-Q water. The suspension colour 
should take on a “faint green” hue. From this whole cell suspension, 1 µL would be 
used in a 25 µL PCR reaction. The reaction contents were made up as per 
manufacturer’s protocol for a purified DNA reaction. 
 
The touch-down PCR protocol was used for colony PCR only and was run as 
follows: initial denaturation at 95 ºC for 10 min; 40 cycles of amplification (13 x 
denaturation at 95 ºC for 20 s; annealing at 60 ºC for 15 s; elongation at 72 ºC for 2 
min); (13 x 95 ºC for 20 s; 56 ºC for 15 s; 72 ºC for 2 min); (14 x 95 ºC for 20 s; 52 
ºC for 15 s; 72 ºC for 2 min); final elongation at 72 ºC for 5 min. Should this protocol 
fail to amplify a product, the standard PCR protocol would be used to check for 








2.2.5.  PCR purification and DNA quantification 
 
The GenepHlow Gel-PCR Kit (Geneaid Biotech Ltd., Taiwan) was used for gel 
excision and PCR clean-up. DNA purification was carried out as per manufacturer’s 
protocol. Up to 20 µL of elution buffer from the kit was used elute the sample from 
the DFH column. The NanoDrop 2000c spectrophotometer (Thermo Fisher 
Scientific, USA) was used to quantify the purified PCR products. 
 
 
2.2.6.  Restriction digestion 
 
New England Biolabs (NEB) restriction enzymes were used as per the 
manufacturer’s protocol to make a 10 µL reaction. However, the digestion time had 
been extended to 1 h to ensure complete digestion of DNA. Restriction enzymes 
were used for linearizing plasmids, making sticky ends for ligation or screening for 
plasmids or specific PCR products.  
 
 
2.2.7.  Dephosphorylation of sticky ended plasmid 
 
The phosphatase used was rAPid Alkaline Phosphatase (Roche) and it was used in 
conjunction with HindIII-HF to linearise and dephosphorylate PGNS_plasmid in the 
same reaction. NEB 2.1 buffer (NEB) was used in the combined restriction digest 
reaction instead of the Cutsmart buffer (NEB) as it has similar chemical composition 
to the 10x rAPid Alkaline Phosphatase Buffer (Roche). NEB 2.1 buffer was also 
compatible with HindIII-HF. The combined reaction follows the restriction digest 
protocol stated in Section 2.2.6. with the addition of 1 µL of rAPid Alkaline 
Phosphatase into a 20 µL reaction. The reaction was heated at 80 °C for 20 min to 









2.2.8.  Blunting and ligation 
 
DNA polymerase I Lg (Klenow) fragment (NEB) was used to fill in 3’ overhang of 
digested linearised plasmids with sticky ends. Blunting was carried out as per 
manufacturer’s protocol. 
 
For ligation reactions, T4 DNA ligase (NEB) was utilised as per manufacturer’s 
protocol to make a 20 µL reaction. Overnight incubation was carried out at 4 °C. 




2.2.9.  Gel electrophoresis   
 
PCR and restriction digest products were run on 1 % agarose gel in 1x TBE buffer 
for 35 min at 120 V. The gels were stained using 0.25 μg.mL-1 ethidium bromide 
dissolved in Milli-Q water for 10 min before being visualised on a UV transilluminator 
and Molecular Imaging software (Kodak, USA). The 1 kb Plus DNA Ladder 
(Invitrogen/Thermo Fisher Scientific, USA) was used as a marker. Up to 10 µL of 
sample was mixed with 2 µL of 6× DNA Loading dye before loading in the well.  
 
 
2.3.  E. coli 
 
DH5α E. coli were used for this study for transformation using the plasmid 
constructs. Please refer to Appendix 2 for list of reagents and solutions used. 
 
 
2.3.1.  Maintaining E. coli cultures 
 
E. coli were grown on Lysogeny-Broth (LB) agar plates or in liquid media with the 
appropriate antibiotics. The appropriate antibiotics were added to make the final 
concentration of; ampicillin (50 μg.mL-1), kanamycin (50 μg.mL-1) and spectinomycin 




2.3.2.  Transformation of competent E. coli cells using plasmids  
 
DH5α E. coli competent cells frozen in 200 µL aliquots were thawed on ice for up to 
10 min before adding the ligation mix to it. The tube was gently flicked to mix the 
contents then left to incubate on ice for 30 min. The tube was placed in a 37 °C water 
bath for 2 min and then placed on ice again for 3 min. After that, 1 mL of LB media 
was added to the tube before it was left on a shaker for 90 min in a 37 °C growth 
room. The tube was then centrifuged at 13000 rcf for 30 s to pellet down the cells and 
allow removal of the supernatant. The pellet was then resuspended in 200 µL LB 
media. The entire tube contents was transferred onto an LB plate with the appropriate 
antibiotics added. The plate was left to incubate overnight in the 37 °C growth room. 




2.3.3.  Alkaline plasmid extraction 
 
Up to 40 transformed colonies were picked from the selective agar plate to be 
inoculated into 2 mL of LB media with the appropriate antibiotics added. The 
inoculants were incubated on a shaker overnight in a 37 °C growth room. After the 
incubation period, 1.5 mL of culture was transferred into a 1.5 mL microcentrifuge 
tube and centrifuged at 13000 rcf for 30 s to pellet down the cells. The supernatant 
was discarded and the pellet was resuspended in 100 µL of Solution 1 (with 10 mg of 
lysozyme added (Sigma Aldrich, USA)) to lyse the cells. The tube was left at room 
temperature for 5 min and then placed on ice for another 5 min. The addition of 200 
µL of Solution 2 was then carried out before vigorously mixing the tube contents. The 
tube was placed on ice again for 5 min. 150 µL of Solution 3 was then added to the 
tube before vigorously mixing the tube contents again. Once again, the tube was 
placed on ice for 5 min. 
 
The tube was then centrifuged for 5 min at 13000 rcf and 350 µL of the upper phase 
of the sample was transferred to a new tube. 100 μL of 1:1 chloroform/TES-
equilibrated phenol mix (the chloroform has 1/25 volume of isoamylalcohol added to 
it) was added to the tube before vigorously vortexing it. The tube was left to incubate 
at room temperature for 2 min before being vigorously vortexed again and then 
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centrifuged at 13000 rcf for 5 min. A 300 µL aliquot of the upper phase of the sample 
was transferred to a new tube and 180 μL of ice-cold isopropanol 100 % was added 
to it. The tube was incubated at room temperature again for 10 min before being 
centrifuged at 13000 rcf for 10 min. The supernatant was discarded and 800 μL of 
ice-cold ethanol 70 % was added to wash the pellet. The tube was centrifuged at 
13000 rcf for a minute and the ethanol 70 % was then removed from the tube. The 
pellet was left to dry on a 37 °C heat block for 10-15 min. For pellet resuspension, 2 
µL of RNase A (10 μg/mL) (Roche) was added to 1 mL of TE buffer. The dried pellet 
was resuspended with 20 µL of this buffer and the sample was left to incubate at room 




2.4.  Synechocystis 6803 
 
Please refer to Appendix 2 for list of reagents and solutions used. 
 
 
2.4.1.  Workflow for making Synechocystis 6803 double mutants 
 
This study aims to make double mutant fadD, htrA and yvcK strains to investigate 
the high light phenotype in WT GT-O2. The methodology used to make the double 
mutants was similar to Crawford’s (2015) construction of chlH double mutants 
(Figure 10) using two different plasmids to edit the genome at the gene of interest 
chromosomal site and the neutral site slr0168. The insert in the plasmid possess 
flanking regions to allow homologous recombination into the Synechocystis 6803 
genome.  
 
As each Synechocystis 6803 cell has multiple copies of its genome (Zerulla et al., 
2016), the antibiotic resistance cassette in the insert combined with multiple 
restreaks on selective media provide selection pressure for Synechocystis 6803 to 
be homozygous for its recombined genes.  
 
Starting with a WT strain, the first transformation uses the plasmid that introduces 
the gene of interest into the neutral site and then allowing the cells to fully 
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segregate. Once cells have fully segregated, the knockout plasmid was introduced 
to knockout the gene of interest at the native site and the cells were allowed to 
segregate over three restreaks. 
 
After three restreaks the native site region and the neutral site region would be 
amplified by either colony PCR or standard PCR in order to obtain the recombined 
regions for sequencing purposes (Figure 11). These PCR products would be 
visualised using agarose gel electrophoresis along with PCR products from their WT 
counterparts. Generally, the PCR products of the WT would significantly differ from 
the mutants because of the additional antibiotic resistance cassette.  The exceptions 
to this are the knocked out genes of the htrA and yvcK strains. A single band on the 
mutant gel lane that differs in size from the WT would signify full segregation has 
occurred.  
 
PCR products of the knockout site of the htrA and yvcK strains are very similar in 
size to the WT and their differences would not be noticeable on agarose gel. To 
circumvent this, a restriction enzyme is used to digest their PCR products and the 
digest products are viewed on agarose gel as well and compared against the WT 
digest products. A fully segregated knockout site would have different digest product 






Figure 10: Methodology to make a double mutant by transforming the GT-O1 or GT-O2 strain with two 
different plasmids. One plasmid was used to introduce the either the GT-O1 or GT-O2 copy of the gene of 
interest into the neutral site. Another plasmid was used to knock out the gene of interest at the native 
loci.The resulting double mutant would express the gene of interest at the neutral site instead of from the 
chromosomal site. Ideally, there should be a set for four mutants for each gene of interest made that are 






Figure 11: Workflow for carrying out segregation check for the Synechocystis 6803 double mutant. The 
double mutant knocked out gene region and neutral site region was amplified by PCR. The mutant PCR 
products as well as their WT counterparts were visualised on agarose gel. The mutant PCR product size 
generally differs from the WT counterpart and should only have a single band to show that full 
segregation had taken place. An additional enzyme digest was required to digest the knockout region 
from htrA and yvcK strains as their PCR product sizes are similar to their WT counterpart. A fully 
segregated knockout site would have different digest products from the WT. The two PCR products would 




2.4.2.  Maintaining Synechocystis 6803 cultures 
 
The handling of the Synechocystis 6803 strains grown on agar or liquid media was 
carried out inside in a laminar-flow hood that had been exposed to UV-light for 20 min. 
Any equipment involved in the handling would also undergo this UV-light treatment in 
the laminar-flow hood. 
 
All Synechocystis 6803 WT and mutant strains were maintained on Blue Green 
(BG)-11 agar plates or BG-11 liquid media with appropriate antibiotics and additives 
added. The appropriate antibiotics were added to make the final concentration of; 
kanamycin (25 μg.mL-1) and spectinomycin (25 μg.mL-1). The appropriate additives 
were added to make the final concentration of; glucose 1 M (5 mM) and atrazine (20 
µM). It should be noted that atrazine is not added to liquid cultures.  
 
The standard growth conditions for plate and liquid cultures are 30 °C and 30 μE.m-
2.s-1 illumination in a growth room. The agar plates were restreaked every 10-21 
days depending on their growth rate.  
 
Sterile modified Erlenmeyer conical flasks (cyanoflasks) were used to grow the 
strains in 150 mL or 300 mL of liquid culture (depending on the flask size). An 
aeration pump was used to pump air through a Millex-FG50 sterile air filter 
(Millipore, France) connected to the cyanoflask to aerate the liquid culture. Cells 
were scraped off agar plates and transferred to the flask using a sterile pipette. The 
flask is then left in the growth room for a minimum of 3 h before turning on the 
aeration in order to let the cells acclimatise.  
 
For long term storage of cells, the cells were grown in liquid media to OD730 nm 1-2 
and 50 mL of culture was centrifuged at 2760 rcf for 10 min to pellet down the cells. 
The supernatant was discarded and the pellet resuspended in 2 mL of BG-11 with 
15% glycerol (v/v). The sample was then transferred into two 1.5 mL microcentrifuge 







2.4.3.  Synechocystis 6803 strains used 
 
The WT and double mutant strains used in this study are described on Table 3. All 
single and double mutants were made during the course of this study with the 
exception of GTO1 ∆fadD single mutant which was made in a previous study and 
was used to create the GTO1 ∆fadD double mutants in this study.  
 
WT GT-O1 and WT GT-O2 strains were maintained on BG-11 glucose and atrazine 
plates (GA) additives. The single mutants were maintained on either BG-11 GA with 
spectinomycin (GSA) or BG-11 GA with kanamycin (GKA) agar plates. The double 
mutants were maintained on BG-11 GSA with kanamycin (GKSA) agar plates. There 
were also transformed strains that were maintained exclusively or initially onto 
selective media with no glucose and atrazine. 
 
Table 3: The list of strains used in this study. 
WT strains Description Reference 
GT-O1 Wild-type Morris et al. (2014) 






Gene inserted at slr0168 site Reference 
GTO1 ∆fadD: O1 GT-O1 ∆fadD GT-O1 fadD in anticlockwise orientation This study 
GTO1 ∆fadD: O2 GT-O1 ∆fadD GT-O2 fadD in clockwise orientation This study 
GTO2 ∆fadD: O1 GT-O2 ∆fadD GT-O1 fadD in anticlockwise orientation This study 
GTO1 ∆htrA: O1-4 GT-O1 ∆htrA GT-O1 htrA in anticlockwise orientation This study 
GTO1 ∆htrA: O1-16 GT-O1 ∆htrA GT-O1 htrA in clockwise orientation This study 
GTO1 ∆htrA: O2 GT-O1 ∆htrA GT-O1 htrA in clockwise orientation This study 
GTO2 ∆htrA: O1-4 GT-O2 ∆htrA GT-O1 htrA in anticlockwise orientation This study 
GTO2 ∆htrA: O1-16 GT-O2 ∆htrA GT-O1 htrA in clockwise orientation This study 
GTO2 ∆htrA: O2 GT-O2 ∆htrA GT-O2 htrA in clockwise orientation This study 
GTO1 ∆yvcK: O1 GT-O1 ∆yvcK GT-O1 yvcK in anticlockwise orientation This study 
GTO1 ∆yvcK: O2 GT-O1 ∆yvcK GT-O2 yvcK  in anticlockwise orientation This study 










2.4.4.  Transformation and segregation 
 
The strains were grown in liquid culture under standard growth conditions until they 
reach the OD730 nm of 0.5 - 1.2. A 50 mL Falcon tube was used to centrifuge 50 mL 
of culture at 2760 rcf for 10 min to separate the cells from the media. The 
supernatant was discarded and the cells were resuspended in 2 mL BG-11 liquid 
media before measuring its OD730 nm.  
The following formula was applied to the recorded OD to make a 0.5 mL culture with 
an OD of 2.5:  
 
C1 x V1 = C2 x V2 
C1 x V1 = OD 2.5 x 0.5 mL 
Volume of BG-11 liquid media required for dilution = 0.5 mL - V1 
 
This 0.5 mL culture was made up in a 15 mL Falcon tube and up to 10 µL of plasmid 
(3000-4700 ng/uL) was added to it. The tube was then incubated in the growth room 
for 5-6 h at 30 °C under 30 μE.m-2.s-1 illumination, however, for the remaining 2-3 h, 
the tube was transferred onto a shaker in the growth room (Kufryk, et al., 2002; 
Zang et al., 2007). 
 
After incubation, all 0.5 mL of transformed cells were spread over two sterile 
Nuclepore filters SN: 145318 (Whatman) that have been placed on BG-11 plates 
with glucose only (BG-11 G). The BG-11 G plate was incubated under standard 
growth conditions for 12-16 h before transferring the filter papers onto BG-11 plates 
impregnated with the appropriate antibiotics. The selective media plate was then 
incubated under standard growth conditions for up to 21 days or when colonies start 
to appear. Should no colonies appear after 14 days, the transformation was 
repeated again except the cells are plated directly onto a selective agar plate that 
does not contain glucose and atrazine.  
 
Up to four colonies were selected and restreaked for a minimum of three times 
before checking for segregation using colony PCR (see Section 2.2.4. for colony 
PCR). Should colony PCR be unsuccessful, the segregation check would be carried 
out through standard PCR of the extracted gDNA of the mutants (see Section 2.2.4. 
and 2.4.5.). The PCR products would be visualised on agarose gel (Section 2.2.9. 
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for gel electrophoresis) to screen for potential segregated candidates before being 
purified (Section 2.2.5. for PCR purification) to be sent off for Sanger sequencing. 
Only PCR products from double mutants were sent off for sequencing. The PCR 
products consists of the knockout gene and the neutral site region. 
 
 
2.4.5.  Genomic DNA extraction 
 
Cells were scraped from the agar plate with a sterile pipette tip and transferred into 
a 1.5 mL tube containing 0.5 mL STET buffer pH 8. The cells were completely 
suspended by vortexing the tube before being incubated in the -80 °C freezer for 20 
min. The tube was then placed onto a 70 °C heat block for 10 min and lysozyme (10 
mg/mL) (Sigma Aldrich, USA) was then added to it. The tube contents were mixed 
by inversion and then incubated in a 37 °C growth room for 1 h. 125 μL of 10% SDS 
solution was then added to the tube and the tube was inverted several times again. 
The tube was once again left in the 37 °C growth room for 45 min. 
 
600 µL of phenol was added to the tube and it was inverted for 30 s before being 
centrifuged at 13000 rcf for 5 min. A 500 µL aliquot of upper phase of the sample 
was then transferred to a new tube and 500 µL of pre-mixed phenol and chloroform 
(with 1/25 isoamyl alcohol added) (250 µL phenol and 250 µL chloroform) was 
added to it.  The tube was inverted for 30 s before undergoing centrifugation at 
13000 rcf for 5 min again. A 400 µL aliquot of the sample’s upper phase was 
transferred into a new tube and 400 µL of chloroform (with 1/25 isoamyl alcohol 
added) was added and its contents mixed for 30 s. The tube was centrifuged at 
13000 rcf for 5 min. A 300 µL aliquot of the upper phase was transferred to a new 
tube. 
 
The DNA was precipitated by adding 30 µL of 3 M Na-acetate pH 6.2 to the tube. 
The tube was briefly vortexed before adding 180 µL of cold 100% isopropanol. The 
tube was vortexed briefly again and was incubated in the -20 °C freezer for 3 h. The 
tube was then spun down at 0 °C at 13000 rcf for 20 min to consolidate the DNA 
pellet. The supernatant was removed and the tube was spun down at 0 °C at 13000 
rcf for 20 min again to remove the remaining supernatant. A 200 μL aliquot of cold 
70% ethanol was added and the tube was incubated at room temperature for 5 min. 
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The tube undergoes the final centrifugation at 13000 rcf for 5 min before discarding 
the supernatant. The tube was placed onto a 37 °C heat block for 10-15 min to dry 




2.5.  Physiological analysis 
2.5.1.  Photoautotrophic growth assays 
 
A starter liquid culture was grown under standard conditions outlined in Section 
2.4.2. Once the OD730  nm reaches 0.5-1, 50 mL of the culture was transferred to a 
50 mL Falcon tube which was centrifuged at 2760 rcf for 10 min. The supernatant 
was then discarded and the cells resuspended with 50 mL of BG-11 media. To 
remove all traces of glucose, the cells would undergo the centrifugation and 
resuspension step three more times before being resuspended in 2 mL of BG-11 
media.  
 
The OD730 nm of the resuspended cells was measured using the Thermo Scientific 
Evolution 201 UV/Vis spectrophotometer (Thermo Fisher Scientific, USA). This OD 
was used to calculate the volume of cell suspension required to make up a 150 mL 
liquid culture with an OD730 nm of 0.05. The calculated suspension volume for each 
cell strain was then inoculated into two separate cyanoflasks containing 150 mL of 
BG-11 media and the appropriate antibiotics. The OD730 nm was recorded again and 
the time of recording was designated as t=0.  
 
The cell strains were grown over a course of 168 h at 30 °C and its OD730 nm was 
recorded every 24 h. Each strain would have a liquid culture growing in normal light 
conditions (30 μE.m-2.s-1) and in high light conditions (200 μE.m-2.s-1) concurrently 
throughout the course of the assay. Sterile Milli-Q water was used to top-up the 
culture in the cyanoflask to 150 mL whenever necessary. 
 
The following formula was used to calculate the doubling time of the strains: 
 
Doubling time = (Duration*ln (2)/ (ln (OD/OD0)) 
Duration: 48 h; ln: natural logarithm; OD48: OD730 nm at t=48; OD0: OD730 nm at t=0 
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2.5.2.  Whole-cell absorption spectra 
 
WCS (A400-800 nm) was measured using the Thermo Scientific Evolution 201 UV/Vis 
spectrophotometer. A WCS reading was taken at 24 h, 96 h and 168 h of the 
photoautotrophic growth assay. Typically cells grown to an OD730 nm of 0.8-1 are 
diluted to an OD800 nm of 0.3 for a WCS reading, however, mutant strains in a 
photoautotrophic growth assay were unlikely reach this OD at 24 h. Instead, all 
strains in the assay was diluted down to the OD of the strain with the lowest OD800 
nm at 24 h. This lowest OD800 nm would be the OD used for WCS reading for the 
rest of the photoautotrophic growth assay. 
 
A scan using BG-11 media as a blank reference was carried out at a slit width of 1 
mm and a scan speed of 4 nm.s-1. A translucent Sellotape® was then taped over the 
exit aperture of the cuvette holder to prevent light scatter when taking a reading of 
the diluted whole cell sample. The WCS was normalised to 800 nm.  
 
 
2.5.3.  Cell harvesting for physiological experiments 
 
Cells were grown in liquid culture in the method outlined in Section 2.4.2. to the 
OD730 nm of 0.8-1 before transferring 300 mL of liquid culture into 300 mL Nalgene 
bottles. The culture was centrifuged at 2880 rcf for 10 min to remove the 
supernatant and the pellet was resuspended in 50 mL BG-11 pH 7.5 media. The 
cells would undergo a second round of centrifugation at 2760 rcf for 10 min to 
remove their supernatant and the cells resuspended in 5 mL BG-11 pH 7.5 media.  
 
10 µL of cells and 990 µL of 100% methanol were transferred to an Eppendorf tube 
1.7 mL. The tube was vortexed and then centrifuged at 13000 rcf for 5 min to 
release chl a into the supernatant. The OD663 nm of the supernatant was measured 
using the Thermo Scientific Evolution 201 UV/Vis spectrophotometer and the value 
was used to calculate the chl a concentration using the following formula: 
 




The resuspended cells were diluted with BG-11 pH 7.5 media to make a 30 mL 
culture with a desired chl a concentration in that would be used for physiological 
assays. This diluted culture was made up in a 100 mL conical flask that would be 
placed on a shaker in the 30 °C °C growth room. The culture was left to acclimatise 
for 30 min in the growth room before checking the chl a concentration again at 10x 
dilution with 100% methanol. The chl a concentration would be readjusted to the 
desired concentration if necessary before starting the physiological assays. 
 
For photodamage and recovery assays (see Section 2.5.6.), the cells were diluted to 
make a desired chl a concentration of 10 ug.mL-1 in a 30 mL culture. For variable chl 
a fluorescence assays (see Section 2.5.4.), the cells were diluted to make a desired 
chl a concentration of 5 ug.mL-1 in a 30 mL culture.  
 
 
2.5.4.  Variable chl a fluorescence induction and decay  
 
Cells were harvested as outlined in Section 2.5.3. Resuspended cells were 
transferred into 3 mL cuvettes in 2 mL aliquots and then dark adapted for 5 min 
before measuring the variable chl a fluorescence. For fluorescence induction and 
decay, two technical repeats were measured for each strain both with and without 
the addition of electron transport inhibitor 3-(3, 4-dichlorophenyl)-1,1-dimethylurea 
(DCMU) that was added to the cuvette to a final concentration of 40 µM. As DCMU 
blocks electron transfer from QA to QB, it allows observation of any PS II back 
reactions of electron charge recombination in the assay. DCMU was added to the 
cuvette 3 min into the dark adaption period, the cuvette was inverted to mix its 
contents and dark adapted for the remaining 2 min.  
 
The variable chl a fluorescence was measured using the FL-3500 double-
modulation fluorometer (Photon Systems Instruments, Brno, Czech Republic) that 
deploys blue light-emitting diodes (455 nm wavelength) for actinic illumination. To 
determine the baseline or initial fluorescence (FO), four blue measuring flashes 
(BMF) were emitted 200 ms apart, each lasting 3 μs.  
 
For fluorescence induction, after the initial FO flashes, the cells were exposed to 
continuous blue actinic light (455 nm) at 1250 μE.m-2.s-1 (50 % intensity) for 10 s to 
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excite PS II. A logarithmic series of 3 μs long BMFs (455 nm) were given at specific 
time points between the 68 μs-10 s period. By using the BMFs to measure the 
fluorescence induction, it allows observation of the QA- concentration over the period 
of 10 s (since only PS II centres with QA reduced yield a variable fluorescence 
signal). 
 
For fluorescence decay measurements, after the initial FO determination, cells were 
excited by a saturating blue actinic light (455 nm) at 2500 μE.m-2.s-1 (100 % 
intensity) over a duration of 30 μs. A logarithmic series of 3 μs long BMFs was used 
to probe the decay of fluorescence over a period of 0-60 s. 
 
R-studios was used to process both the data output for induction and decay assays 
(see Appendix 3 and 4 for fluorescence program details).  
 
 
2.5.5.  Variable chl a fluorescence decay kinetic analysis  
 
Fluorescence traces recorded during the decay can be broken down into three 
phases, the microsecond (exponential), millisecond (exponential) and second 
(hyperbolic) phase. Each phase represents a different pathway for QA- oxidation. 
The initial microseconds phase, involves QA- being oxidised by QB. The milliseconds 
phase involves QA- also being oxidised by QB as well; however, this process takes a 
longer time as the QB-binding pocket is initially empty and QA- has to wait for a new 
QB to enter the binding pocket before QA- oxidation can take place. The seconds 
phase involves QA- being oxidised by charge recombination with the S2 oxidation 
state of the Mn4CaO5 cluster (i.e. a back reaction).  
 
Curve-fitting of the fluorescence decay data allows closer observation of decay 
kinetics in terms of the amplitude (%) and the decay half-times for each phase. 
Curve fitting was carried out using SciDAVis version 2.3 
(http://scidavis.sourceforge.net) and the formula below:  
 




Where Ft is the post-actinic flash fluorescence at a specific time point; FO is the 
initial fluorescence before the actinic flash; A1-A3 are the amplitude percentages for 
each phase of the decay; T1-T3 are time constants where decay half-times are 
calculated by using half-life = ln (2)/Tn for the fast and intermediate phase and half-
life = T3 for the slow phase (Vass et al., 1999).  
 
In presence of DCMU, electron transfer from QA- to QB becomes blocked so instead 
QA- oxidation occurs in two different phases. The millisecond phase (exponential), 
occurring in milliseconds, involves QA- oxidation through charge recombination with 
the P680+: YZ- radical pair in PS II (Cser and Vass, 2007). The seconds phase 
(hyperbolic) involves QA- oxidation through charge recombination by the back 
reaction. The fluorescence decay data for samples with DCMU added can also be 
curve-fitted (using SciDAVis version 2.3) to observe the decay kinetics using the 
formula below (Fufezan et al., 2007). 
 
Ft – FO = A1exp(-t/T1) + A2exp(-t/T2) + c 
 
Where A1-A2 are the amplitude percentages for each decay phase; T1-T2 are time 



















2.5.6.  Photodamage and recovery assays at 20 °C 
 
Cells harvested in the method outlined in Section 2.5.3. were transferred to a 20 °C 
water jacket that maintains the cell culture at a constant 20 °C throughout the assay. 
These cells were continuously stirred with a magnetic stirrer bar at 300 rpm. The 
cells were left in the 20 °C water jacket for 5 min to allow the culture to cool to 20 °C 
before starting the experiment. The 20 °C cell culture was then subjected to high 
light at 2,000 μE.m-2.s-1 to induce photoinhibition of PS II during the first 45 min of 
the assay using an Ektalite slide projector (Kodak, USA). When the projector was 
turned off, the cell culture would be left to recover under normal light conditions at 
30 μE.m-2.s-1 in the remaining 135 min of the assay. The assay begins (t=0) when 
the projector is turned on and an aliquot of 1 mL was taken from the cell culture 
every 15 min for measurements. Artificial quinone acceptor 2, 5-dimethyl-1, 4-
benzoquinone (DMBQ) (200 μM) and 1 mM potassium ferricyanide (K3Fe(CN)6) was 
added with the sample right before the start of each measurement. K3Fe(CN)6 was 
used to maintain quinone oxidation state during the course of the measurement.  
 
A Clark-type electrode (Hansatech, UK) was used to measure oxygen evolution of 
the sample. The electrode was screwed to the base of a 20 °C water jacket which 
the sample will be placed in for the measurement. An oxygen electrode control box 
(CBID, Hansatech, UK) would measure the oxygen concentration of the sample as a 
change in voltage. 
 
Prior to starting the assay, the oxygen electrode was set up and then left to stabilise 
for at least 30 min, the 30 °C water jacket was filled with water and the voltage of 
air-saturated water was recorded at the end of the 30 min. To record the voltage of 
oxygen-free water, sodium dithionite was added to the water and the voltage was 
recorded after 1 min. These two measurements would provide the calibration range 
that the assay will be based on.  
 
The light protocol for each measurement recorded was a 30 s pre-record time, 
followed by 60 s red light on and 180 s red light off. The red light was provided by 
FLS1 light source (Hansatech, UK) equipped with a 580 nm bandpass sharp cut-off 
glass filter (Melles-Griot, USA) that provides a saturating illumination at ~5000 μE.m-
2.s-1 to the sample. The recording of voltage change and the light protocol of the set-
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up was controlled by the custom software OxyRecorder designed by Dr S Jackson, 
University of Otago.  
 
The oxygen-evolution rate of the sample at each time point was obtained by 





To show the change in oxygen evolution over time, the rates at each time point were 
converted into percentage of oxygen-evolving activity. The formula below was used, 
where the t=0 rate is taken as the original oxygen-evolving activity and the values 























Chapter 3 – Results  
 
3.1.  In silico analysis of the fadD, htrA and yvcK genes 
3.1.1.  Distribution of fad gene in different cyanobacteria and conservation of 
the arginine at the 461 position 
 
The tBLASTn search was performed using the fadD AA sequence from 
Synechocystis 6803 to determine how conserved this gene is in cyanobacteria and 
in particular to determine whether the AA mutation position in GT-O2 fadD is 
conserved. The search yielded 165 cyanobacterial species of a total of 283 
genomes from the Botany department’s database that contained the fadD gene. The 
pairwise identity of the 165 cyanobacterial species to GT-O1 fadD ranged from 39.2 
- 99.8 % with an average of 60.6 % (see Figure 12A for a representation of the 165 
cyanobacterial species). The 165 tBLASTn sequences were aligned to study the AA 
distribution across the 165 cyanobacterial species. The 461st AA residue of GT-O2 
fadD is where the R461Q substitution occurs (Figure 12B). This substitution causes 
a change from a positive AA side chain to a polar one.  
 
Examination of the AA at the 461st position in the aligned sequences showed the 
arginine was the most dominant AA with 89.7 % occurrence followed by glutamine 
second at 3.6 % (Figure 12B and Table 4). GT-O2 fadD therefore had a mutation in 
a conserved AA position and region in relation to GT-O1 and the rest of the 
cyanobacterial species.  
 
Table 4: A table of distribution of AA types at the 461st position after alignment. 
Amino acid Distribution (%) 
Alanine A 1 0.6 
Arginine R 148 89.7 
Glutamine Q 6 3.6 
Leucine L 4 2.4 
Lysine K 2 1.2 
Serine S 3 1.8 
Threonine T 1 0.6 










Figure 12: Alignment of FadD AA sequences. A) A representation of the FadD alignment showing that FadD 
protein is fairly conserved among cyanobacterial species (highlighted coloured regions are AA that have ≥75 % 
consensus throughout the 165 cyanobacterial species). B) The types of AA at the 461st position of the FadD AA 















3.1.2.  Distribution of htrA gene in different cyanobacteria and deletion of 
glycine at the 97th position  
 
This section will show the effects of the guanine deletion at the 97th position of GT-
O2 htrA as well as the tBLASTn search that was performed using the htrA AA 
sequence from Synechocystis 6803 to determine how conserved this gene is in 
cyanobacteria. GT-O2 htrA in had a G deletion which resulted in a subsequent 
change in the AA sequence (Figure 13A). This resulted in multiple stop codons 
along a truncated GT-O2 htrA AA sequence (Figure 13B).  
 
For the GT-O1 htrA gene, tBLASTn search yielded 135 cyanobacterial species from 
the Botany department’s database. The pairwise identity of these 135 
cyanobacterial species to GT-O1 htrA ranged from 42 - 100 % with the average of 
60.7 % indicating that htrA is conserved in cyanobacteria (see Figure 13C for a 
representation of the 135 cyanobacterial species). While no solved protein structure 
exists for Synechocystis 6803 HtrA protein, one exists for E. coli htrA (Krojer et al., 
2002), whose htrA homologue is well studied. However, due to poor pairwise identity 
to GT-O1 htrA sequence at 31.3 %, it was not possible to model GT-O1 htrA based 
on the E. coli htrA (Figure 13D). This also suggests that they may not share a similar 
function. 
 
In slico results indicate that HtrA is an important protein based on the conserved AA 
sequences among cyanobacterial species although its exact function is unknown in 
Synechocystis 6803. The change of AA sequence seen in GT-O2 may have 
severely compromised protein function due to multiple truncations. It is however, 























Figure 13: Alignment of HtrA AA sequences. A) In GT-O2, deletion of a G along a stretch of Gs at the 97-102nd 
nucleotide position resulted in a change of AA sequence. B) The GT-O2 HtrA has a different AA sequence after the 
G deletion when compared to that of GT-O1. Black boxes with a star indicate a stop codon. C) A representation of 
the HtrA alignment showing that HtrA protein is fairly conserved among cyanobacterial species (highlighted 
coloured regions are AA that have ≥75 % consensus throughout the 135 cyanobacterial species).  D) Poor pairwise 










3.1.3.  Distribution of yvcK gene in different cyanobacteria and conservation 
of serine at the 307th position  
 
The tBLASTn search was performed using the yvcK AA sequence from 
Synechocystis 6803 to determine gene conservation in cyanobacterial species and 
also selected bacterial species where the yvcK gene had been studied.  The 
alignment of the sequences was used to determine whether the AA mutation 
position in GT-O2 yvcK is conserved. 
 
The tBLASTn search of GT-O1 yvcK identified a yvcK-like gene in 174 
cyanobacterial species within the Botany’s department database with the pairwise 
identity range between 45.5-100 % and the average of 68.9 %. The tBLASTn 
webserver had also classified the region between the 198-394 residues of GT-O1 
yvcK as a CofD yvcK superfamily region. This region was also observed to be 
relatively conserved across the 174 cyanobacterial species in the alignment (Figure 
14A). 
 
The GT-O2 yvcK had a S307F mutation switching a polar AA side chain to a non-
polar one. Asparagine was the dominant AA at the 307th position with 64.9 % 
occurrence rate followed far behind by aspartic acid and histidine at 8.6 % and 6.9 
% in the cyanobacterial alignment for yvcK. The serine residue at the 307th position 
in GT-O1 shows that that position is not conserved in GT-O1 as serine residues only 
comprise of 4 % of the AA type at the 307th position. GT-O2 was the only 
cyanobacteria that had a phenylalanine at the 307th position (Figure 14B and Table 
5). 
 
The alignment of GT-O1 yvcK against B. subtilis, B. halodurans, E. coli, L. 
monocytogenes, M. tuberculosis, M. smegmatis and S. aureus copies of yvcK 
showed the pairwise identity range of 36.9 - 49.5 % with the average of 40.7 %. In 
this bacterial alignment, yvcK conservation was also observed within the CofD yvcK 
superfamily region although at a lesser extent when compared to the cyanobacterial 
species. There were also approximately 140 unaligned residues upstream of the 
CofD yvcK superfamily region of GT-O1 yvcK (and by proxy the all the other 
cyanobacterial species) when it was aligned with the bacterial homologues (Figure 
14C). It appeared either cyanobacterial species possess a larger yvcK than its 
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bacterial homologues or this region is part of an upstream gene in cyanobacteria 
and have been misannotated. 
 
To rule out the latter possibility, the 5’ region of GT-O1 yvcK was aligned with the 
bacterial yvcJ gene that is located directly upstream of yvcK in B. subtilis, B. 
halodurans, L. monocytogenes and S. aureus. For E. coli yvcK, it had no gene 
directly upstream of its yvcK but had its yvcJ on a separate loci. Cyanobacterial yvcJ 
homologues were also included in this alignment. The B. subtilis yvcJ was tBLASTn 
against the cyanobacterial species which yielded 6 cyanobacterial species whose 
yvcJ homologue had 33.3 - 39.9 % pairwise identity to B. subtilis yvcJ. The yvcJ of 
selected bacterial species possessed a range of 39.8 - 67.9 % pairwise identity to B. 
subtilis yvcJ. The unaligned 5’ region of GT-O1 yvcK only had 14.4 % pairwise 
identity to B. subtilis yvcJ and aligned poorly to the yvcJ of other bacterial and 
cyanobacterial species (Figure 14D). Therefore it was unlikely that the 5’ region of 
GT-O1 yvcK belongs to a yvcJ homologue and that GT-O1 does not possess a yvcJ 
homologue either. It is possible that the yvcJ was lost along the evolutionary path as 
older lineages of cyanobacteria have a yvcJ homologue such as Synechococcus sp. 
JA-2-3B'a (2-13), Synechococcus sp. JA-3-3Ab and Gloeobacter kilaueensis JS1 
while GT-O1 does not. 
 
Table 5: A table of distribution of AA types at the 307th position after alignment. 
Amino acid Distribution (%) 
Alanine A 7 4.0 
Arginine R 8 4.6 
Asparagine N 113 64.9 
Aspartic acid D 15 8.6 
Glutamine Q 2 1.1 
Glutamic acid E 3 1.7 
Histidine H 12 6.9 
Lysine K 2 1.1 
Phenylalanine F 1 0.6 
Serine S 7 4.0 
Threonine T 1 0.6 
Tyrosine Y 2 1.1 
Valine V 1 0.6 












Figure 14: Alignment of YvcK and YvcJ AA sequences.  A) A representation of the YvcK alignment and conservation 
within cyanobacterial species. B) A representation of the alignment at the 307th position of the distribution of 
amino acid types (shown in red box). C) An alignment of GT-O1 YvcK with some pathogenic bacterial species. 
Approximately 140 unaligned residues on the 5’ end of GT-O1 YvcK remains unaligned to the bacterial species. D) 
An alignment of YvcJ homologue alignment of bacterial and cyanobacterial species as well as the ~140 unaligned 
residues on the 5’ end of GT-O1 YvcK A, C-D) All highlighted coloured regions are AA that have ≥ 75 % consensus 




3.2.  Production of constructs to insert genes into a neutral site in the 
Synechocystis 6803 genome   
 
This section will describe the construction of plasmids that will be used to introduce 
the genes of interest into the neutral site. The PGNS_plasmid constructed by 
Crawford (2015) would allow the introduction of genes of interest into the neutral site 
through a HindIII cut site situated within the neutral site in the plasmid (see plasmid 
map in Figure 9D).  
 
Primers were used to amplify either the GT-O1 or GT-O2 copy of the genes of 
interest from GT-O1 or GT-O2 gDNA. Each PCR product includes ~300 bp flanking 
regions to include the promoter sequence of the gene. The expected GT-O1 or GT-
O2 PCR product sizes for the fadD, htrA and yvcK fragments are 2788 bp, 2032-
2033 bp and 1980 bp, respectively. The products were visualised on gel (Figure 15A 
and B), and were purified using the GenepHlow Gel-PCR Kit before undergoing 
follow-up ligation reactions (Section 2.2.5.). 
 
As stated in Section 2.2.2., for ligation purposes, the PGNS_plasmid would be 
linearised for ligation at the HindIII site. The restriction enzyme digest would produce 
sticky ends in the linearised plasmid. For the htrA and yvcK PCR products, blunting 
of the linearised plasmid was not necessary but the plasmid ends had to be 
dephosphorylated (Section 2.2.7) during the digestion process in order to prevent 
the plasmid from re-circularizing. This reaction mix was directly used for the ligation 
without the purification step to avoid nucleic acid loss. For fadD PCR products, the 
linearised plasmid was blunted then gel extracted (Section 2.2.5.) for the ligation 
procedure (Section 2.2.8.). In both cases, the linearised plasmid size is ~5970 bp 
(Figure 15C and D).  
 
After ligation, competent E. coli cells were transformed using the ligation mix and 
multiple transformed colonies were selected to extract their plasmids for screening. 
Screening was carried out using three different restriction enzymes followed by 
Sanger sequencing. The following subsections would describe the plasmid 









Figure 15: Gel images of PCR 
products and vectors required for 
construction of a plasmid that will 
introduce the gene of interest into 
the neutral site. A)  PCR products for 
the GT-O1 copy of fadD, htrA and 
yvcK. B) PCR products for the GT-O2 
copy of fadD, htrA and yvcK. C) The 
PGNS_plasmid after being linearised 
with HindIII and its sticky ends 
dephosphorylated. D) The linearised 











3.2.1.  Screening of fadD neutral site plasmids  
 
The HincII, BanII and AvaI restriction enzymes were used to digest the 
PGNS_fadD_plasmids and the digested product sizes and subsequent Sanger 
sequencing were used to ascertain the orientation of the gene insert and ensure on 
PCR errors where introduced.  
 
The expected digest product sizes for the plasmid if the insert is in an anticlockwise 
orientation are 4725 bp, 2639 bp, 999 bp and 391 bp for HincII enzyme; 2676 bp, 
2570 bp, 2203 bp, 955 bp and 350 bp for the BanII enzyme; 5800 bp, 1577 bp, 1072 
bp and 305 bp for the AvaI enzyme (Figure 16A). 
 
The digest product size for the plasmid if the insert is in a clockwise orientation is 
4113 bp, 3251 bp, 999 bp and 391 bp for HincII enzyme; 2570 bp, 2431 bp, 1200 
bp, bp and 350 bp for the BanII enzyme; 6865 bp, 1072 bp, 512 bp and 305 bp for 
the AvaI enzyme (Figure 16B).  
 
From the results of the plasmid screening, gene insert for PGNS_fadD_O1_plasmid 
and PGNS_fadD_O2_plasmid had ligated to the vector in an anticlockwise and 
clockwise orientation, respectively (see plasmid maps in Figure 16D and E). It 
should be noted that expected digest product sizes that are below ~400 bp are 


















Figure 16: Plasmid construction and screening of PGNS_fadD_O1 or O2_plasmids. A) Schematic of 
PCR product encoding either the GT-O1 or the GT-O2 copy of fadD (red) with ~300 bp of flanking 
regions (pale blue). Yellow arrow indicates site of Single nucleotide polymorphism (SNP).  B) and 
C) Plasmid screening results using HincII, BanII and AvaI restriction enzymes. B) Plasmid screen 
results for PGNS_fadD_O1_plasmid. C) Plasmid screen results for PGNS_fadD_O2_plasmid. D) and 









3.2.2.  Screening of htrA neutral site plasmids  
 
The BanI, BanII and BseRI enzymes were used to screen for PGNS_htrA_plasmids 
and they were Sanger sequenced to confirm that the desired htrA sequence was in 
the plasmid. 
 
The digest product sizes for the plasmid if the insert is in anticlockwise orientation 
are: 
2713 bp, 1554 bp, 1283 bp, 1097 bp, 904 bp, 435 bp and bp for BanI enzyme; 2906 
bp, 2507 bp, 1082 bp, 902 bp, 350 bp and 176 bp for the BanII enzyme; 3778 bp, 
1787 bp, 1366 bp, 869 bp and 186 bp for the BseRI enzyme (Figure 17B).  
 
The digest product sizes for the plasmid if the inserts are in a clockwise orientation 
are: 
2367 bp, 1900 bp, 1283 bp, 1097 bp, 904 bp, 435 bp and bp for BanI enzyme; 2570 
bp, 2558 bp, 1430 bp, 902 bp, 350 bp and 176 bp for the BanII enzyme; 3778 bp, 
2294 bp, 869 bp, 859 bp and 186 bp for the BseRI enzyme (Figure 17C).  
 
Results of plasmid screen and Sanger sequence had shown there were two 
available PGNS_htrA_O1_plasmids with their gene inserts ligated in either 
orientations to the vector and the PGNS_htrA_O2_plasmid had its gene insert 
ligated in a clockwise orientation to the vector (Figure 17D and E). For the 
PGNS_htrA_O1_plasmids, the plasmid with the insert in an anticlockwise orientation 
and clockwise orientation were designated with the names PGNS_htrA_O1-4 and 
PGNS_htrA_O1-16_plasmid, respectively to reflect the colony number they were 
picked from during the plasmid extraction process. These two plasmids would later 
be used to transform a Synechocystis 6803 strain to observe if there were any 


























Figure 17: Plasmid construction and screening of PGNS_htrA_O1 or O2_plasmids. A) Schematic of PCR 
product encoding for either the GT-O1 or the GT-O2 copy of htrA (red) with ~300 bp of flanking regions (pale 
blue). Yellow arrow indicates deletion site. B) and C) Plasmid screening results using BanI, BanII and BseRI 
restriction enzymes. B) Plasmid screen results for PGNS_htrA_O1-4 and O1-16 plasmids. C) Plasmid screen 
results for PGNS_htrA_O2_plasmid. D) Plasmid map of PGNS_htrA_O1-4 plasmid. E) Plasmid map of 








3.2.3.  Screening of yvcK neutral site plasmids  
 
The BanI, BanII and HincII enzymes were used to screen for PGNS_yvcK_plasmids 
and they were Sanger sequenced to confirm that the desired yvcK sequence was 
within the plasmid.  
 
The digest product sizes for the plasmid if the insert is in an anticlockwise 
orientation are: 
2502 bp, 1993 bp, 1283 bp, 1097 bp, 621 bp and 435 bp for BanI enzyme; 3335 bp, 
2570 bp, 1357 bp, 350 bp and 319 bp for the BanII enzyme; 4100 bp, 2386 bp, 1335 
bp and 110 bp for the HincII enzyme (Figure 18B and C). 
 
The digest product sizes and follow-up Sanger sequencing confirmed that the gene 



































Figure 18: Plasmid construction and screening of PGNS_yvcK_O1 or O2_plasmids. A) Schematic 
of PCR product encoding for either the GT-O1 or the GT-O2 copy of yvcK (red) with ~300 bp of 
flanking regions (pale blue). Yellow arrow indicates site of SNP. B) and C) Plasmid screening 
results using BanI, HincII, and BanII restriction enzymes. B) Plasmid screen results for 
PGNS_yvcK_O1_plasmid. C) Plasmid screen results for PGNS_yvcK_O2_plasmid. D) Plasmid map 







3.3.  Segregation of Synechocystis 6803 double mutants  
 
The gene of interest (either the GT-O1 or GT-O2 copy) would be introduced into the 
neutral site before knocking out the gene of interest at the chromosomal site (with 
the exception of GTO1 ∆fadD, the parent strain of GTO1 ∆fadD: O1 and GTO1 
∆fadD: O2). Two of the genes of interest (namely htrA and yvcK) were possibly 
crucial to the survival of Synechocystis 6803. Previous attempts to knockout the 
gene of interest without having a replacement gene at the neutral site were met with 
resistance to fully segregate (with the exception of GTO1 ∆fadD which had its fadD 
gene successfully knocked out without a replacement gene) (Koh, 2019). The cells 
remained heterozygous despite continuous restreaking over months. Therefore, 
subsequently all genes of interest were first introduced into the neutral site before 
knocking it out at the chromosomal site. 
 
To check if the double mutants have fully segregated, the neutral site region and the 
native location of the gene were amplified by PCR and products were visualized on 
agarose gel and compared against the PCR products of GT-O1.  
 
In the neutral site there was the additional gene insert and SpecR and at the native 
site the gene was the knocked out gene with an antibiotic resistance cassette, 
therefore the mutants’ PCR products are typically larger than that of GT-O1 PCR 
products. The exception to that would be ∆htrA and ∆yvcK PCR products of the 
mutant strains which are approximately the same size as that of GT-O1’s native htrA 
and yvcK PCR products. Restriction enzymes had to be used to digest the GT-O1 
native genes and the mutants’ ∆htrA or ∆yvcK PCR products. The sizes of the digest 
products would differ from the GT-O1 digest products if partial or full segregation of 











3.3.1.  fadD mutant strains 
 
The PCR products are the native fadD gene in GT-O1 (Figure 19A); the native fadD 
site that had been knocked out in the double mutant (Figure 19B); GT-O1 slr0168 
(Figure 19C); the fadD gene and its flanking regions that had been be inserted 
within slr0168 with the SpecR cassette in the double mutant (Figure 19 D and E). 
The expected PCR product sizes for the segregation of the double mutant are:  
3715 bp for GT-O1 fadD; 2970 bp for ∆fadD; 2022 bp for GT-O1 slr0168; 4412 bp 
for fadD with SpecR insert in slr0168. The results of successful segregation of the 
fadD introduced into the neutral site and the ∆fadD site can be seen in agarose gel 
in Figure 20.  
 
The fadD double mutant strains that successfully segregated were GTO1 ∆fadD: 
O1, GTO1 ∆fadD: O2 and GTO2 ∆fadD: O1.  Attempts to create a GTO2 fadD: O1 
single mutant strain (as a parent strain for GTO2 ∆fadD: O2) was met with failure for 


































Figure 19: Schematic of expected PCR products from segregation check for fadD mutants. A) and 
B) PCR products from the gene of interest at chromosomal site with A) from GT-O1 and B) from 
all the fadD double mutant strains. C) to E) PCR products from the slr0168 region with C) from 















Strain Neutral site with  fadD insert ∆fadD 
GTO1 ∆fadD: O1 
 
 
GTO1 ∆fadD: O2 
 
 




Figure 20: PCR products of GT-O1 and fadD double mutant strains during segregation 
check. The PCR products from the mutant strains were sent for Sanger sequencing to 
confirm segregation. Lanes: WT: GT-O1 native fadD or neutral site; ∆fadD: fadD double 


















3.3.2.  htrA mutant strains 
 
The PCR products are the native htrA gene in GT-O1 (Figure 21A); the native htrA 
site that had been knocked out in the double mutant (Figure 21B); GT-O1 slr0168 
(Figure 21C); the htrA gene and its flanking regions that had been be inserted within 
slr0168 with the SpecR cassette in the double mutant (Figure 21D and E). The 
expected PCR product sizes for the segregation check are 2843 bp for GT-O1 htrA; 
2899 bp for ∆htrA; 2022 bp for GT-O1 slr0168; 3644 bp for htrA with SpecR insert in 
slr0168. The results of successful segregation of the htrA introduced into the neutral 
site and the ∆htrA site can be seen in agarose gel in Figure 22.  
 
The htrA double mutant strains that successfully segregated were the GTO1 ∆htrA: 
O1-4, GTO1 ∆htrA: O1-16, GTO2 ∆htrA: O1-4, GTO2 ∆htrA: O1-16 and GTO2 
∆htrA: O2 strains. Attempts to create a GTO1 htrA: O2 single mutant strain (as a 
parent strain for GTO1 ∆fadD: O2), GTO2 htrA: O2 (parent strain for GTO2 ∆htrA: 
O2) and GTO2 ∆htrA: O2 strains where met with unexpected circumstances.  
 
To create the GTO1 htrA: O2 single mutant strain (as a parent strain for GTO1 
∆htrA: O2), transformant cells were initially plated on BG-11 GSA plates. After 
multiple failed attempts for transformed colonies appear, the transformed cells were 
directly plated on BG-11 S plates instead. Only one colony appeared on the BG-11 
S plate and it had passed PCR segregation checks and sequencing before being 
frozen away as glycerol stock and named the GTO1 htrA: O2 strain. On retrieval 
from the freezer stock, it was found that it was able to grow on BG-11 GKA plates 
and was therefore maintained on it for future procedures.  
 
The genetically instability of Synechocystis 6803 had led to the preference of 
growing the strain heterotrophically on atrazine impregnated plates over 
photoautotrophic growth. The addition of atrazine in the agar was to block PS II 
functions to avoid potential mutations in the genome due to the PS II damage and 
repair cycle. So the addition of glucose was necessary as a carbon source for the 
cell. Subsequent transformation of the GTO1 htrA: O2 strain to make the GTO1 
∆htrA: strain O2 had seen that the PCR product of the double mutant slr0168 site 
had become similar to that of the GT-O1’s. The GTO1 htrA: O2 strain slr0168 site 
was checked again and the PCR product revealed to be also similar to that of the 
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GT-O1 strain. It is not clear if freezer stock revival or the being grown on a glucose 
medium caused the return of the slr0168 site to its native form. 
 
To prevent another similar event from occurring for follow-up htrA strains made later 
in this study, the transformed cells of the GTO2 htrA: O2 strain and the subsequent 
GTO2 ∆htrA: O2 strain were transformed on plates with and without atrazine and 
glucose from the same batch of cells. For both these strains, a few colonies 
appeared on plates with no atrazine but no colonies appeared on plates with 
atrazine and glucose. The GTO2 htrA: O2 strain was maintained on plates with no 
glucose and atrazine until it was used for transformation. It should be noted that 
both GTO2 htrA: O2 and GTO2 ∆htrA: O2 strains were capable of growing well on 








































Figure 21: Schematic of expected PCR products from segregation check for htrA mutants. A) 
and B) PCR products from the gene of interest at chromosomal site with A) from GT-O1 and B) 
from all the htrA double mutant strains. C) to E) PCR products from the slr0168 region with C) 
from GT-O1, D) from GTO1 ∆htrA: O1-4 and GTO2 ∆htrA: O1-4 and E) from GTO1 ∆htrA: O1-16, 
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Figure 22: PCR products of GT-O1 and htrA double mutant strains during segregation check. The 
PCR products from the mutant strains were sent for Sanger sequencing to confirm segregation. 
Lanes: WT: GT-O1 native htrA or neutral site; ∆htrA: htrA double mutant knockout sites; NS-h: 






3.3.3.  yvcK mutant strains 
 
The PCR products are the native yvcK gene in GT-O1 (Figure 23A); the native yvcK 
site that had been knocked out in the double mutant (Figure 23B); GT-O1 slr0168 
(Figure 23C); the yvcK gene and its flanking regions that had been be inserted 
within slr0168 with the SpecR cassette in the double mutant (Figure 23 D). The 
expected PCR product sizes for the segregation check are 2022 bp for GT-O1 
slr0168; 3589 bp for yvcK with SpecR insert in slr0168; 3099 bp for GT-O1 yvcK; 
3046 bp for ∆yvcK. The results of successful segregation of the yvcK introduced into 
the neutral site and the ∆yvcK site can be seen in agarose gel in Figure 24.  
 
The yvcK double mutant strains that successfully segregated were the GTO1 ∆yvcK: 
O1, GTO1 ∆yvcK: O2 and GTO2 ∆yvcK: O1 strains. Attempts to create a GTO2 
yvcK: O2 single mutant strain (as a parent strain to make the GTO2 ∆yvcK: O2 
strain) was met with failure for colonies to appear on the transformant plate but also 

































Figure 23: Schematic of expected PCR products from segregation check for yvcK mutants. A) and 
B) PCR products from the gene of interest at chromosomal site with A) from GT-O1 and B) from 
all the yvcK double mutant strains. C) and D) PCR products from the slr0168 region with C) from 
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Figure 24: PCR products of GT-O1 and yvcK double mutant strains during segregation check. The 
PCR products from the mutant strains were sent for Sanger sequencing to confirm segregation. 
Lanes: WT: GT-O1 native yvcK or neutral site; ∆yvcK: yvcK double mutant knockout sites; NS-y: 















3.4.  Photoautotrophic growth assays, whole-cell absorption spectra and 
photodamage assays 
3.4.1.  Photoautotrophic growth assays and whole-cell absorption spectra of 
wild-type strains 
 
Growth assays showed both WT strains having similar doubling times when grown 
normal light and high light conditions photoautotrophically. In normal light conditions, 
the GT-O1 and GT-O2 strains have doubling times of 12 h and 13 h, respectively 
(Table 6).  However, under high light conditions, the GT-O1 and GT-O2 strains 
doubling times decreased to 9 h and 8 h, respectively (Table 6). In the following 
sections, when the GT-O2 strain (used as a control for the growth assay) was grown 
under high light conditions, its OD730 nm was observed to plateau after 48 h and 
photobleaching would be observed in the liquid culture. This matched the results 
reported by Crawford (2015). 
 
WCS allows observation of the levels of cellular pigments at OD800 nm. As 
mentioned in Section 2.5.2., the cells were usually diluted to an OD800 nm of 0.3 and 
their WCS was recorded at 72 h. In this study, the OD800 nm of 0.3 would not be 
reached at 24 h. In order to record the WCS at 24 h, 72 h and 168 h in the 
photoautotrophic growth assay, the cells would be diluted to the OD800 nm of the 
strain with the lowest OD800 nm at 24 h instead. The lower OD800 nm used is 
reflected on the WCS profile as an overall lower absorbance but the chl a absorption 
maxima peaks at 435 nm and 670 nm, PBS absorption maxima peak at 625 nm and 
the carotenoid shoulder at 475-520 nm were still clearly visible. In general, the 
overall WCS profile of the strains and its absorbance maxima peaks become 
depressed under high light conditions.  
 
Although there was no direct comparison between the WCS profiles of the GT-O1 
and GT-O2 strains, the GT-O2 strain was observed to have flatter chl a and PBS 
absorption maxima peaks and carotenoid shoulder than the GT-O1 strain in 







Table 6: Summary of the average doubling times of all the strains in the photoautotrophic growth 











GTO1  12 8 GTO2  13 3 
GTO1 HL 9 8 GTO2 HL 9 3 
GTO1 ∆fadD: O1 14 3 GTO2 ∆fadD: O1 10 2 
GTO1 ∆fadD: O1 HL 9 3 GTO2 ∆fadD: O1 HL  8 2 
GTO1 ∆fadD: O2 14 3 GTO2 ∆htrA: O1-4 14 2 
GTO1 ∆fadD: O2 HL 9 3 GTO2 ∆htrA: O1-4 HL 11 2 
GTO1 ∆htrA: O1-4 12 2 GTO2 ∆htrA: O1-16 13 2 
GTO1 ∆htrA: O1-4 HL 9 2 GTO2 ∆htrA: O1-16 HL 10 2 
GTO1 ∆htrA: O1-16 12 3 GTO2 ∆htrA: O2 13 2 
GTO1 ∆htrA: O1-16 HL 9 3 GTO2 ∆htrA: O2 HL 45 2 
GTO1 ∆yvcK: O1 12 2 GTO2 ∆yvcK: O1 10 2 
GTO1 ∆yvcK: O1 HL 9 2 GTO2 ∆yvcK: O1 HL 11 2 
GTO1 ∆yvcK: O2 13 2    


























3.4.2.  Photoautotrophic growth assays, whole-cell absorption spectra and 
photodamage assays of GT-O1 background strains  
3.4.2.1.  fadD strains 
 
The GTO1 ∆fadD: O1 and GTO1 ∆fadD: O2 strains were grown against the GT-O1 
strain in the photoautotrophic growth assays under normal and highlight conditions 
and their WCS profiles were observed during the course of the growth assay. The 
ability of the GTO1 ∆fadD: O2 strain to recover from photodamage compared to the 
GT-O1 strain was also assessed in the photodamage assay.   
 
The GTO1 ∆fadD: O1 and GTO1 ∆fadD: O2 strains have similar doubling times to 
each other under normal and high light conditions at 14 h and 9 h, respectively. Both 
mutant strains grew slightly slower than the GT-O1 strain under normal light 
conditions. There was no distinguishable phenotypes seen in the growth assay 
under both light conditions although the two mutant strains had a slightly higher 
OD730 nm at the end of 168 h than GT-O1 under high light conditions (Figure 25A 
and B).  
 
The WCS profile of all three strains in both light conditions showed the typical chl a 
peaks at 435 nm and 679 nm, PBS peak at 625 nm and the carotenoid shoulder at 
475-520 nm. However, the effect of high light had depressed the overall absorbance 
and absorbance maxima peaks in all the strains (Figure 25C and D).  
 
In normal light conditions, the mutant strains had near identical WCS profiles to 
each other but when compared to the GT-O1 strain, mutant strains possessed 
elevated 435 nm chl a peaks and 475-520 nm carotenoid shoulder while their 625 
nm PBS peaks and 679 nm chl a peaks remain similar to GT-O1 (Figure 25C). 
 
In high light condition, the WCS of the GTO1 ∆fadD: O1 strain had slightly higher 
peaks for its 625 nm PBS absorbance maxima, its 435 nm and 679 nm chl a 
absorbance maxima and its 475-520 nm carotenoid shoulder than GT-O1. Whereas 
that of the GTO1 ∆fadD: O1 strain was significantly higher when compared to GT-




In the photodamage assay, the GTO1 ∆fadD: O2 strain retained more oxygen-
evolving capacity (~67 %) than the GT-O1 strain (~52 %) after sustaining high light 
damage for 45 min. During the recovery phase both GT-O1 and GTO1 ∆fadD: O2 
strains were able to recover and go beyond their starting oxygen-evolving capacity 
with the GTO1 ∆fadD: O2 strain having recovered to a slightly higher, but 
insignificant, oxygen-evolving capacity (137 %) than GT-O1 (~113 %) (Figure 25E).  
 
A B  
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Figure 25: Photoautotrophic growth assays, whole-cell absorption spectra and photodamage assays of GT-O1 
background fadD mutants. A) and B) Photoautotrophic growth assays with strains grown under A) normal 
light conditions and B) high light conditions. C) and D) A representative whole-cell absorption spectra of 
strains grown under C) normal light conditions and D) high light conditions. E) Photodamage assay of the 
GTO1 ∆fadD: O2 strain. GT-O1 (black), GTO1 ∆fadD: O1 (green) and GTO1 ∆fadD: O2 (orange). HL: High light 
or high light phase in photodamage assay ; solid lines: normal light conditions; dotted lines: high light 
conditions; LL: recovery phase in photodamage assay. All data of the growth and photodamage assays are an 
average of three independent repeats except the GTO1 ∆fadD: O2 strain in the photodamage assay where 
there were only two independent repeats. Errors bars represent the standard error.    
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3.4.2.2.  htrA strains 
 
The GTO1 ∆htrA: O1-4 and GTO1 ∆htrA: O1-16 strains were grown against the GT-
O1 strain in the photoautotrophic growth assays under normal and highlight 
conditions and their WCS profiles were observed during the course of the growth 
assay.  
 
The GTO1 ∆htrA: O1-4 and GTO1 ∆htrA: O1-16 strains were control strains that 
both have a GT-O1 copy of htrA gene inserted in the neutral site but in opposite 
orientations. These two control strains were made to see if different gene 
orientations would yield any significant change in physiology between the two 
mutants. The doubling times for the GTO1 ∆htrA: O1-4 and GTO1 ∆htrA: O1-16 
strains were found to be similar for both strains regardless of light conditions. Their 
doubling times under normal and high light conditions are 12 h and 9 h, respectively, 
mirroring that of the GT-O1 strain. No distinguishable phenotype was observed in 
the growth assay regardless of light conditions (Figure 26A and B).  
 
For the WCS profiles, all absorbance maxima peaks were visible as well as the 
carotenoid shoulder in both light conditions. Again under high light, all strains see 
their overall absorbance profiles and absorbance maxima peaks and carotenoid 
shoulder depressed (Figure 26C and D). 
 
In normal light conditions, the GT-O1 and the mutant strains had similar pigment 
levels at the 625 nm PBS and 679 nm chl a absorbance maxima peaks. Pigment 
levels at the 475-520 nm carotenoid shoulder and the 435 nm chl a absorbance 
maxima peak were slightly elevated for both mutants when compared to the GT-O1 
strain (Figure 26C). 
 
In high light conditions, both mutants had identical WCS profiles except at the 625 
nm PBS absorbance maxima where the GTO1 ∆htrA: O1-4 strain had a slight 
elevation compared to the GTO1 ∆htrA: O1-16 strain. Both mutant strains had a 
sharper 435 nm and 697 nm chl a and 625 nm PBS absorbance maxima peaks as 

















Figure 26: Photoautotrophic growth assays and whole-cell absorption of GT-O1 background htrA mutants. 
A) and B) Photoautotrophic growth assays with strains grown under A) normal light conditions and B) high 
light conditions. C) and D) A representative whole-cell absorption spectra of strains grown under C) normal 
light conditions and D) high light conditions.   WT GT-O1 (black), GTO2 ∆htrA: O1-4 (magenta) and GTO2 
∆htrA: O1-16 (light blue). HL: High light; solid lines: normal light conditions; dotted lines: high light 
conditions. All data in the growth assays are an average of two independent repeats except for the GTO2 
∆htrA: O1-16 strain, which had three independent repeats. Errors bars represent the standard error.    
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3.4.2.3.  yvcK strains 
 
The GTO1 ∆yvcK: O1 and GTO1 ∆yvcK: O2 strains were grown against the GT-O1 
strain in the photoautotrophic growth assays under normal and highlight conditions 
and their WCS profiles were observed during the course of the growth assay. The 
GTO1 ∆yvcK: O2 strain ability to recover from photodamage compared to the GT-
O1 strain was also assessed using the photodamage assay.   
 
The doubling time for the control strain GTO1 ∆yvcK: O1 was identical to the GT-O1 
strain at 12 h and 9 h under normal and high light conditions, respectively. Whereas 
the doubling time for the GTO1 ∆yvcK: O2 strain was higher than the GT-O1 and 
GTO1 ∆yvcK: O1 strains at 13 h and 10 h under normal and high light, respectively 
(Figure 27A and B). Under high light conditions, the OD730 nm of the GTO1 ∆yvcK: 
O2 strain was observed to plateau after the first 72 h (Figure 27B) and 
photobleaching also occurred (Figure 27F) that which was not seen in the WT or 
control strain. 
 
For the WCS profiles, all relevant absorbance maxima peaks and carotenoid 
shoulder were generally visible under both light conditions for all strains although 
under high light, the overall absorbance and absorbance maxima peaks become 
depressed (Figure 27C and D). 
 
Under normal light conditions, the WCS profile of the GT-O1 strain and were near 
identical. The GTO1 ∆yvcK: O2 strain had a sharper 435 nm and 679 nm chl a 
peaks and slightly raised 475-520 nm carotenoid shoulder and 625 nm PBS peaks. 
(Figure 27C). 
 
Under high light conditions, the WCS profile between the GT-O1 and GTO1 ∆yvcK: 
O1 strains were also identical. The GTO1 ∆yvcK: O2 strain however, had 
demonstrated an almost flattened 435 nm chl a peak (although it had a higher 
absorbance), a raised 475-520 nm carotenoid shoulder and a slightly raised 625 nm 
PBS peak when compared to the WT and control strain. Its 679 nm chl a peak 




High light phenotype was also observed for the GTO1 ∆yvcK: O2 strain in the 
photodamage assay. During the high light phase, the GTO1 ∆yvcK: O2 strain 
evolved oxygen at a slightly lower rate compared (~39 %) to the GT-O1 strain (~52 
%). In the recovery phase, the GT-O1 strain was able to recover and exceed its 
initial oxygen-evolving capacity (~115 %), whereas the GTO1 ∆yvcK: O2 strain 
could only recover and maintain ~70 % of its initial oxygen-evolving capacity 







































Figure 27: Photoautotrophic growth assays, whole-cell absorption spectra and photodamage assays of GT-
O1 background yvcK mutants. A) and B) Photoautotrophic growth assays with strains grown under A) 
normal light conditions and B) high light conditions. C) and D) A representative whole-cell absorption 
spectra of strains grown under C) normal light conditions and D) high light conditions. E) Photodamage 
assay of GTO1 ∆yvcK: O2. F) Flasks grown under high light conditions after 168 h. Bleaching seen in GTO1 
∆yvcK: O2. GT-O1 (black), GTO1 ∆yvcK: O1 (purple) and GTO1 ∆yvcK: O2 (brown). HL: High light or high light 
phase in photodamage assay; solid lines: normal light conditions; dotted lines: high light conditions; LL: 
recovery phase in photodamage assay. All data in the growth assays are an average of two independent 
repeats while all data in the photodamage assays are an average of three independent repeats. Errors bars 





3.4.3.  Photoautotrophic growth assays and whole-cell absorption spectra GT-
O2 background strains 
3.4.3.1.  fadD strain 
 
The GTO2 ∆fadD: O1 strain was grown against the GT-O2 strain in the 
photoautotrophic growth assays under normal and highlight conditions and their 
WCS profiles were observed during the course of the growth assay.  
 
The GTO2 ∆fadD: O1 strain had a doubling time of 10 h and 8 h under normal and 
high light conditions, respectively. Compared to the GT-O2 strain doubling time of 
13 h and 9 h under normal and high light conditions, respectively, the GTO2 ∆fadD: 
O1 strain had significantly faster growth rates under both light conditions. The GTO2 
∆fadD: O1 strain also had a slightly higher final OD730 nm at 168 h than the GT-O2 
strain under normal conditions (Figure 28A and B). The mutant strain does not have 
the photobleaching phenotype observed in the GT-O2 strain under high light 
conditions (Figure 28E). 
 
WCS profile of all strains showed all the relevant absorbance maxima peaks and 
475-520 carotenoid shoulder in either light conditions. Under high light condition, the 
overall absorbance is subdued although the peaks and carotenoid shoulders of both 
strains remain visible.  
 
Under normal light conditions the GTO2 ∆fadD: O1 strain showed significantly 
sharper chl a absorbance maxima peaks at 435 nm and 679 nm and a higher 475-
520 nm carotenoid shoulder compared to the GT-O2 strain but the 625 nm PBS 
peak remained similar to the GT-O2 strain (Figure 28C) (i.e. its A625 nm/A679nm ratio 
was smaller than GT-O2) .  
 
Under high light conditions, the GTO2 ∆fadD: O1 strain retained sharper chl a and 
PBS absorbance maxima peaks as well as a higher carotenoid shoulder compared 
to GT-O2 (Figure 28D).  
 
The GTO2 ∆fadD: O1 strain WCS profile resembled more like that of the GT-O1 or 
GTO1 background fadD strains (Figure 25C and D) in both light conditions in terms 
of its A625 nm/A679nm ratio. This combined with its faster growth rate may be attributed 
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to the GTO2 ∆fadD: O1 strain expressing the non-mutated copy of GT-O1 fadD as 
even the doubling time of the GTO2 ∆fadD: O1 strain is unexpectedly shorter than 
that of the GT-O1 and GTO1 ∆fadD: O1 strains in especially in normal light 








     
 
Figure 28: Photoautotrophic growth assays and whole-cell absorption spectra of the GTO2 ∆fadD: O1 
strain. A) and B) Photoautotrophic growth assays with the strain grown under A) normal light conditions 
and B) high light conditions. C) and D) A representative whole-cell absorption spectra of the strain grown 
under C) normal light conditions and D) high light conditions. E) No bleaching was seen in the GTO2 ∆fadD: 
O1 strain grown in high light for 168 h. GT-O2 (black) and GTO2 ∆fadD: O1 (green). HL: High light; solid 
lines: normal light conditions; dotted lines: high light conditions. All data in the growth assays are an 
average of two independent repeats.  
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3.4.3.2.  htrA strains 
 
The GTO2 ∆htrA: O1-4, GTO2 ∆htrA: O1-16 and GTO2 ∆htrA: O2 strains were 
grown against the GT-O2 strain in the photoautotrophic growth assays under normal 
and highlight conditions and their WCS profiles were recorded over the course of the 
growth assay. 
 
The doubling times for the GTO2 ∆htrA: O1-4 strain grown under normal and high 
light conditions are 14 h and 11 h, respectively. The doubling times for the GTO2 
∆htrA: O1-16 strain grown under normal and high light conditions are 13 h and 10 h, 
respectively. Both strains are the GT-O2 background mutants expressing the GT-O1 
copy of htrA at their slr0168 site. The similar growth rates between the two strains 
were expected despite their neutral site htrA being expressed in opposite 
orientations to each other. Under normal light conditions, both these strains have a 
higher final OD730 nm at 168 h than GT-O2 as well. Under high light conditions, the 
GTO2 ∆htrA: O1-4 and GTO2 ∆htrA: O1-16 strains do not show the plateauing of 
OD730 nm after 48 h nor the photobleaching characteristic of the GT-O2 strain under 
highlight conditions (Figure 29A, B and G). 
 
The GTO2 ∆htrA: O2 strain had an identical doubling time to the GT-O2 strain under 
normal light conditions (Figure 29A) but an unexpected phenotype was seen high 
light. The doubling times for the GTO2 ∆htrA: O2 strain are 13 h and 45 h in normal 
and high light conditions, respectively. The first 24 h of being grown in high light 
conditions had seen a steady rise in OD730 nm albeit slightly slower than the GTO2 
∆htrA: O1-4 and GTO2 ∆htrA: O1-16 strains. After 24 h, the OD730 nm fell sharply 
and remained at a ~0.07-0.09 range over the next 24-48 h before recovering quickly 
(Figure 29B). The GTO2 ∆htrA: O2 strain was intended to serve as a control strain 
but there was no photobleaching phenotype seen under high light conditions at the 
end of 168 h unlike GT-O2. The liquid culture colour remained clear to a pale green 
shade during the depression phase (between the  24-96  h time point) reflecting a 
low OD730 nm before turning to dark green as the OD730 nm recovers (Figure 29G). 
 
Two biological repeats had been carried out for the GTO2 ∆htrA: O2 strain under 
high light and in both instances this depression to recovery phenotype was 
observed. However, the start of the recovery time after the initial depression differed 
between the two repeats by ~24 h (Appendix 5).  
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Under normal light at 96 h, the GTO2 ∆htrA: O1-4 strain had elevated 435 nm chl a 
absorbance maxima peaks and 475-520 nm carotenoid shoulder compared to the 
GT-O2 strain. Its 625 nm PBS and 679 nm chl a absorbance maxima peak were 
also elevated to a smaller degree (Figure 29C). 
 
Under normal light, the GTO2 ∆htrA: O1-16 strain at 96 h possess slightly elevated 
chl a pigment levels at 435 nm compared to the GT-O2 strain. Beyond that, its 679 
nm chl a and 625 nm PBS absorbance maxima peak as well as the 475-520 nm 
carotenoid shoulder remained similar to that of the GT-O2 strain (Figure 29C).   
 
In high light condition at 96 h (Figure 29D), both the GTO2 ∆htrA: O1-4 and GTO2 
∆htrA: O1-16 strain had similar WCS profiles to each other with the exception that 
the GTO2 ∆htrA: O1-4 strain had a slightly higher 435 nm and 69 nm chl a 
absorbance maxima peak than the GTO2 ∆htrA: O1-16 strain.  Both these mutant 
strains had noticeably higher overall absorbance and sharper peaks than GT-O2.  
 
Under normal light conditions at 96 h, the GT-O2 and GTO2 ∆htrA: O2 strain shared 
similar 625 nm PBS and 679 nm chl a absorbance maxima peaks, but the mutant 
strain had a lower 475-520 nm carotenoid shoulder and 435 nm chl a absorbance 
maxima peak (Figure 29C). 
 
In high light, the depression to recovery phenotype of the GTO2 ∆htrA: O2 strain 
was also obvious. At 96 h, the GTO2 ∆htrA: O2 strain had the similar depressed 
overall absorbance and flattened absorbance maxima peaks resembling those of 
the GT-O2 strain (Figure 29D) which at 96 h, would be displaying its high light 
phenotype by way of its OD730 nm plateauing. However, at 168 h, the GTO2 ∆htrA: 
O2 strain had recovered its 435 nm and 670 nm chl a and 425 nm PBS absorbance 
maxima peaks to an even higher extent than that of the GTO2 ∆htrA: O1-4 and 
GTO2 ∆htrA: O1-16 strain. Its A625 nm/A679nm ratio had also decreased between 96 h 
and 168 h as well (Figure 29D and F). This decrease in A625 nm/A679nm ratio did not 
occur under normal light conditions between 96 h to 168 h suggesting that high light 
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Figure 29: Photoautotrophic growth 
assays and whole-cell absorption 
spectra of GT-O2 background htrA 
mutants. A) and B) 
Photoautotrophic growth assays 
with strains grown under A) normal 
light conditions and B) high light 
conditions. C) to F) A representative 
whole-cell absorption spectra of 
strains grown under C) and E) 
normal light conditions and D) and 
F) high light conditions. Whole-cell 
absorbtion spectra taken at 96 h in 
C) and D), and at 168 h in E) and F). 
Recovery of growth rate and 
absorbance peaks seen in the GTO2 
∆htrA: O2 strain under high light 
between 96 h-168 h in B), D) and F). 
G) Flasks grown under high light 
conditions at 96 h and 168 h. The 
GTO2 ∆htrA: O2 strain showed high 
light recovery. GT-O2 (black), GTO2 
∆htrA: O1-4 (magenta), GTO2 ∆htrA: 
O1-16 (light blue) and GTO2 ∆htrA: 
O2 (deep blue). HL: High light; solid 
lines: normal light conditions; 
dotted lines: high light conditions. 
All data in the growth assays are an 










3.4.3.3.  yvcK strain 
 
The GTO2 ∆yvcK: O1 strain was grown against the GT-O2 strain in the 
photoautotrophic growth assay under normal and highlight conditions and their WCS 
profiles were recorded over the course of the growth assay. 
 
The doubling time for the GTO2 ∆yvcK: O1 strain is 10 h in normal light conditions 
and 11 h in high light conditions making its growth rate slightly faster than that of the 
GT-O2 strain (Figure 30A and B).  
 
The GTO2 ∆yvcK: O1 strain however, exhibits the photobleaching phenotype 
(Figure 30F) like the GT-O2 strain when grown under high light. Even though the 
GTO2 ∆yvcK: O1 strain expresses a non-mutated copy of GT-O1 yvcK, it does not 
seem to prevent photobleaching under high light conditions.  
 
The GTO2 ∆yvcK: O1 strain WCS profile did not show any noticeable phenotype 
regardless of light conditions (notwithstanding the depressed overall absorbance 
and absorbance maxima peaks under high light). In both light conditions, the GTO2 
∆yvcK: O1 strain showed elevated 435 nm and 679 nm chl a and 625 nm PBS 
absorbance maxima peaks as well as elevated 475-520 nm carotenoid shoulder 
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Figure 30: Photoautotrophic growth assays and whole-cell absorption spectra of the GTO2 ∆yvcK: O1 
strain. A) and B) Photoautotrophic growth assays with the strain grown under A) normal light conditions 
and B) high light conditions. C) and D) A representative whole-cell absorption spectra of the strain grown 
under C) normal light conditions and D) high light conditions. F) Bleaching seen in the GTO2 ∆yvcK: O1 
strain grown under high light conditions at 168 h. GT-O2 (black) and GTO2 ∆yvcK: O1 (purple). HL: High 
light; solid lines: normal light conditions; dotted lines: high light conditions. All data in the growth assays 




3.5.  Variable chlorophyll a fluorescence induction assays 
 
In fluorescence induction assays, actinic light is given resulting in electrons passing 
down the photosynthetic ETC. PS II centres that have their primary quinone electron 
acceptor QA reduced cannot utilise a second photon and the absorbed energy is 
released as fluorescence (and heat). Over the 10 s of actinic light used in the 
experiment, the induced fluorescence induction curve follows a typical rise that is 
divided into O, J, I and P inflection points (Figure 31A, black line).  
 
The origin (O) represents the initial fluorescence (FO) of dark-adapted cells when all 
PS II centres are “open” that is have an oxidised QA. Upon turning on the actinic 
light, there is an initial rise in fluorescence to the J inflection and then the level of 
fluorescence remains relatively steady until the I-inflection. This J to I phase 
represents the fraction of PS II centres that have QA reduced (during the J to I phase 
the electrons are leaving QA to go to the secondary quinone electron acceptor QB at 
about the same rate that new electrons from water are reaching QA). The 
subsequent I to P phase represents the increased population of reduced QA as the 
photosynthetic ETC fills up with electrons and reduced QA accumulates. The P-level 
is the maximum fluorescence level when all QA is reduced and is also referred to as 
Fmax or FM. 
 
In the presence of the herbicide DCMU, a fluorescence rise termed the S-M rise 
may be observed (Figure 31B, red line). This rise reflects a state transition event 
where the photosystems are transitioning from state 2 to state 1 where state 1 is 
when PS I is absorbing light preferentially and is followed by increased energy 
transfer from the PBS into PS II; state 2 is when PS II is absorbing light 
preferentially and is followed by increased energy transfer to PS I. State transition is 
affected by the redox state of the plastoquinone pool in the cell where the 
plastoquinone pool becomes more oxidised during state 1 and is more reduced 
towards state 2. 
 
In Figure 31A, it can be seen that the fluorescence level begins to drop after the P-
peak is reached. This drop is due to the activation of the Calvin-Benson cycle for 
carbon fixation which uses the ATP and NADPH produced by the ETC Since ATP 
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and NADPH are being used, the ETC begins to operate again and the electrons 
leave QA on their way to Cyt b6f. This process is reviewed in Stirbet et al. (2014). 
 
The addition of DCMU blocks QA- electron transfer by binding to the QB-binding site. 
This results in fluorescence reaching FM during the J-P phase as all PS II centres 
become “closed” because QA- oxidation cannot take place (Figure 31B, black line). 
The use of DCMU and the resulting FM can therefore be used to observe the relative 
amount of active PS II centres available with FM reflecting the amount of PS II. The 
P-peak is also lower in presence of DCMU due to photochemical quenching from an 




























3.5.1.  Wild-type strains 
 
Figure 31A and B shows the comparison of the variable chl a fluorescence induction 
traces between the GT-O1 and GT-O2 strains in the absence and in the presence of 
DCMU, respectively.  
 
In the absence of DCMU, the GT-O2 strain has a lower FM (~15 %) than the GT-O1 
strain. The O-J phase of GT-O2 cells had a similar fluorescence rise to the GT-O1 
strain. The J-level in the GT-O2 strain was slightly lower than GT-O1 (~11 %) 
suggesting increased electron transfer from QA- to QB. During the J-P phase, a 
difference in fluorescence trace was observed between the two WT strains. The 
fluorescence in the GT-O1 strain moderately increased towards the I-point before 
sharply rising to the P-peak while the fluorescence from the GT-O2 strain was 
observed to dip slightly towards the I-point before sharply rising to the P-peak. This 
lower fluorescence levels in the J-I phase followed by slight fluorescence dip 
towards the I-point suggests a more oxidised plastoquinone pool present in the GT-
O2 cells than in the GT-O1 strain. A lower P peak in the GT-O2 strain can indicate 
the PQH2 pool is more oxidised and the rate of electrons are leaving the pool before 
it becomes fully reduced so the FM will not be reached. 
 
In the presence of DCMU, the induction trace for the GT-O2 cells also showed a 
distinct difference from the GT-O1 strain. For the GT-O2 strain, the FM was ~ 5 % 
lower than observed in the GT-O1 strain. This suggest that GT-O2 may have slightly 
fewer active PS II centres than the GT-O1 cells. Unexpectedly, the fluorescence 
from the GT-O2 strain then proceeded to rise until its fluorescence level was above 
that observed in the GT-O1 strain. This indicates the GT-O2 cells undergo a larger 
state transition than the GT-O1 cells. The increased fluorescence may be caused by 










3.5.2.  GT-O1 background strains 
3.5.2.1.  fadD strains 
 
Figure 31C and D show the induction trace comparing the GT-O1, GTO1 ∆fadD: O1 
and GTO1 ∆fadD: O2 strains in the absence and presence of DCMU, respectively. 
The GTO1 ∆fadD: O1 and GTO1 ∆fadD: O2 strains had a trace that closely 
resembled GT-O1 cells in the absence or presence of DCMU but overall these 
strains had increased variable fluorescence. 
 
In the presence of DCMU, the higher FM in the GTO1 ∆fadD: O1 and GTO1 ∆fadD: 
O2 strains compared to the GT-O1 strain indicated that the mutant strains have 
more active PS II centres available than found in the GT-O1 wild type. The GTO1 




3.5.2.2.  yvcK strains 
 
Figure 31E and F shows the induction trace for GT-O1, GTO1 ∆yvcK: O1 and GTO1 
∆yvcK: O2 strains in absence or presence of DCMU, respectively.  
 
For the GTO1 ∆yvcK: O1 strain, its trace was similar to that of the GT-O1 strain in 
the absence of DCMU (Figure 31E). In the presence of DCMU, it possessed a 
higher FM than GT-O1 (~14 %) the FM of the GTO1 ∆yvcK: O1 mutants is consistent 
with this strain having more active PS II centres than the GT-O1 strain (Figure 31F).  
 
In the absence of DCMU, the GTO1 ∆yvcK: O2 strain had a lower (~75 %) FM 
compared to the GTO1 ∆yvcK: O1 control strain and its fluorescence trace in the J-I 
phase dipped slightly towards the I-point (similar to the GT-O2 strain). The GTO1 
∆yvcK: O2 strain had a slightly lower J-level than the GTO1 ∆yvcK: O1 strain (Figure 
31E). In the presence of DCMU, the GTO1 ∆yvcK: O2 strain FM was only ~69 % of 
the level observed for the GTO1 ∆yvcK: O1 strain, indicating it has significantly 
fewer active PS II centres. It also had a more pronounced S-M rise compared to its 










































Figure 31: Variable chl a fluorescence induction for WT and GT-O1 background strains. A) and B) 
Fluorescence induction for WT strains. C) and D) Fluorescence induction for fadD strains. E) and 
F) Fluorescence induction for yvcK strains. A, C and E) DCMU absent B, D and F) DCMU added. 
GT-O1 (black); GT-O2 (red); GTO1 ∆fadD: O1 (green); GTO1 ∆fadD: O2 (orange); GTO1 ∆yvcK: O1 
(purple); GTO1 ∆yvcK: O2 (brown). All strains are an average of three repeats except GTO1 
∆fadD: O1 which is an average of two repeats. All data in the induction assays are an average of 
three independent repeats except for the GTO1 ∆fadD: O1 strain, which only had two 
independent repeats.  
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3.5.3.  GT-O2 background strains 
3.5.3.1.  fadD strains 
 
Figure 32A and B shows the variable chl a fluorescence induction trace for the GT-
O2 and GTO2 ∆ fadD: O1 strain in the absence and presence of DCMU, 
respectively. The GTO2 ∆fadD: O1 strain had a trace that resembles more like the 
GT-O1 strain than the GT-O2 strain. The GTO2 ∆fadD: O1 strain also had a higher 
overall variable fluorescence than seen for the GT-O2 strain regardless of DCMU 
addition.  
 
In the absence of DCMU, the GTO2 ∆fadD: O1 strain had a slightly higher J-level 
(~7 %) than the GT-O2 strain. This suggests GTO2 ∆fadD: O1 has a less oxidised 
plastoquinone pool than the GT-O2 strain. The mutant strain’s J-I phase resembled 
that of the GT-O1 strain where the fluorescence rises toward the I-point instead of 
decreasing as seen in GT-O2 cells. The P-peak was also significantly higher in the 
GTO2 ∆fadD: O1 strain (~33 %). It is interesting to note that the GTO2 ∆fadD: O1 
strain possessed similar J-levels and a J-I phase to that seen with the GT-O1 strain. 
In the presence of DCMU, the FM of the GTO2 ∆fadD: O1 strain became significantly 
higher than the FM observed with the GT-O2 strain (~25 %), suggesting a larger pool 
of active PS II. The GTO2 ∆fadD: O1 strain also had a less pronounced S-M rise 
than that of the GT-O2 strain. 
 
 
3.5.3.2.  htrA strains 
 
Figure 32C and D shows the variable chl a fluorescence for the GT-O2 and htrA 
strains in the absence and presence of DCMU, respectively. The GTO2 ∆htrA: O2 
strain was intended to be a control strain for the htrA strains; however, due to its 
high-light phenotype seen in its photoautotrophic growth assay (Figure 29B), the 
GT-O2 strain was used as a control strain instead. The fluorescence trace of all 
three htrA mutants were observed to resemble that of the GT-O2 strain.  
 
In the absence of DCMU, the GTO2 ∆htrA: O1-4 and GTO2 ∆htrA: O1-16 strains 
possessed similar traces and overall levels of variable fluorescence to each other. 
The GTO2 ∆htrA: O1-4 and GTO2 ∆htrA: O1-16 strains had a higher J-level than the 
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GT-O2 strain by ~37 % and ~25 %, respectively, suggesting a larger oxidised 
plastoquinone pool in comparison to the GT-O2 strain. The GTO2 ∆htrA: O2 strain 
had a near identical induction trace to the GT-O2 strain. In the J-I phase, all three 
mutant strains showed the same characteristic dip towards the I-point as seen in the 
GT-O2 strain.   
 
In the presence of DCMU, all three mutant strains possessed the characteristic S-M 
rise seen in the GT-O2 strain but the rise was less pronounced in the GTO2 ∆htrA: 
O1-4 and GTO2 ∆htrA: O1-16 strains. Once again, the GTO2 ∆htrA: O1-4 and 
GTO2 ∆htrA: O1-16 strains had similar traces to each other and both had a higher 
FM level than the GT-O2 strain (~28 %) indicating the presence of more active PS II 
centres. The GTO2 ∆htrA: O2 strain possessed a near identical induction trace to 
the GT-O2 strain. 
 
 
3.5.3.3.  yvcK strains 
 
Figure 32E and F shows the variable chl a fluorescence for the GT-O2 and GTO2 
∆yvcK: O1 strains in the absence and presence of DCMU, respectively. In the 
absence of DCMU, the GTO2 ∆yvcK: O1 strain had a similar fluorescence trace to 
the GT-O2 strain. In the presence of DCMU, the GTO2 ∆yvcK: O1 strain had a 
similar trace to the GT-O2 strain as well but with a slightly less prominent S-M rise. 
The GTO2 ∆yvcK: O1 strain had a slightly higher FM than GT-O2 (~8 %), indicating 



















































Figure 32: Variable chl a fluorescence induction for GT-O2 background strains. A) and B) 
Fluorescence induction for fadD strains. C) and D) Fluorescence induction for htrA strains. E) and 
F) Fluorescence induction for yvcK strains. A), C) and E) DCMU absent. B), D) and F) DCMU 
added. GT-O2 (black); GTO2 ∆fadD: O1 (green); GTO2 ∆htrA: O1-4 (magenta); GTO2 ∆htrA: O1-
16 (light blue); GTO2 ∆htrA: O2 (deep blue); GTO2 ∆yvcK: O1 (purple). All data in the induction 





3.6.  Variable chlorophyll a fluorescence decay assays 
 
In fluorescence decay assays, dark-adapted cells are exposed to a high intensity 
actinic flash and their fluorescence levels are then recorded by probing with weak 
measuring flashes. The intensity of the fluorescence from the measuring flashes 
provides a measure of the relative numbers of reduced QA at each time point after 
the actinic flash. In the decay trace, the fluorescence level is observed to gradually 
decrease to FO over the course of the assay (0-60 s) (Figure 33A3). The 
fluorescence change is charted over time as the rate of fluorescence decay. Strains 
with impaired electron transfer on the acceptor side would show a decreased rate of 
decay. 
 
As stated in Section 2.5.5., fluorescence decay is separated into three separate 
phases that represent different QA- re-oxidation pathways. In the microsecond phase 
(which is an exponential phase), QA- is oxidised by QB/QB-. Oxidisation by QB takes 
200-500 µs (Tyystjärvi and Vass, 2004) while oxidation by QB- takes ~500 µs (de 
Wijn and van Gorkom, 2001; Crofts and Wraight, 1983). Oxidation by QB- is 
minimised by using the dark adaptation step. In the millisecond phase (also an 
exponential phase), there is a delay of QA- oxidation in PS II centres that do not 
already have a QB in the QB binding pocket, therefore QA- remains reduced until a 
new QB binds back to the pocket. In the second phase (hyperbolic phase), QA- 
oxidation occurs through charge recombination by the OEC (i.e. “back reaction”) and 
in this phase, the PS II centres return to their initial stage and photosynthesis is not 
carried forward (Vass et al., 1999). QB- can also be oxidised through the “back 
reactions” as well; however, the decay half-time differs from QA- oxidation.  
 
The addition of DCMU blocks electron transfer from QA- to QB by binding to the QB- 
binding pocket. Unable to be oxidised by QB, QA- re-oxidation can either occur in two 
separate phases. In the millisecond phase (exponential), QA- is re-oxidised by 
charge recombination with the P680+: YZ- radical pair in PS II (Cser and Vass, 
2007). In the second phase (hyperbolic phase), occurring in seconds, QA- is re-
oxidised by back reactions with the positive charge on the OEC in its S2 oxidation 




Non-normalised fluorescence decay trace allows comparison of the extent of the 
variable fluorescence (F-FO) between strains where the amount of the maximum F- 
FO range relates to the amount of PS II centres present (Figure 33A1 and A2).  
 
Normalised fluorescence decays allow observation and comparison of decay rates 
between strains by normalising each strain’s fluorescence decay data to their FM, 
this allows comparison of decay kinetics across all strains in terms of their decay 
half-time and amplitude of decay in their microsecond, millisecond and second 
phases (Section 2.5.5.).   
 
In order to observe if the effect of expression of the GT-O2 genes had an effect on 
electron transfer in PS II, the variable chl a  decay assays were carried out on the 
WT and mutant strains.  
 
 
3.6.1.  Wild-type and mutant strains 
 
The variable chl a fluorescence decays in the absence or presence of DCMU and 
the associated kinetic analysis are shown in (Figure 33 and 34, Table 7). All mutant 
strains except the GTO1 ∆fadD: O2 strain had a lower FO than their WT counterpart 
strains (Figure 33B2). With the exception of the GTO1 ∆yvcK: O2, GTO2 ∆htrA: O2 
and GTO2 ∆yvcK: O1 strains, all other mutant strains were found to have greater 
variable fluorescence than their WT counterpart. In general, the decay traces and 
kinetics of the mutant strains when compared to their WT counterparts in the 
absence or presence of DCMU were also similar to each other except the following 
strains: GTO1 ∆yvcK: O1, GTO1 ∆yvcK: O2 and GTO2 ∆fadD: O1. 
 
In absence of DCMU, the GTO1 ∆yvcK: O1 and GTO1 ∆yvcK: O2 strains were 
observed to have a slower and faster decay trace compared to the GT-O1 strain, 
respectively (Figure 33C3).  
 
This was also represented in the decay kinetics when compared to the GT-O1 
strain, the GTO1 ∆yvcK: O1 strain had a slower microsecond and millisecond 
phase; the GTO1 ∆yvcK: O2 stain had a faster millisecond and second phase. In the 
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presence of DCMU, the GTO2 ∆fadD: O1 strain had a faster millisecond phase and 
at a greater amplitude when compared to the GT-O1 strain (Table 7). 
 
For the GTO2 ∆fadD: O1 strain, the non-normalised and normalised decay trace 
showed that it had a faster decay trace than the GT-O2 strain in the presence of 
DCMU (Figure 34A2 and A4). Its decay kinetics showed that in presence of DCMU, 
it had a slower millisecond phase and a decrease in its amplitude when compared to 
the GT-O2 strain (Table 7).  
 
Overall, there was no significant difference observed between the WT and the 
mutant strains for the decay assays. Combined with the data from the induction 
assays, it suggests that the mutant genes exert an influence on the acceptor side of 
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Table 7: Variable chl a fluorescence decay kinetic analysis of WT, GT-O1 and GT-O2 background strains.  
GT-O1 background strains 
  Microsecond phase Millisecond phase Second phase 








GT-O1 238 ± 7.6 63.7 ± 1.1 2.8 ± 0.1 27.3 ± 0.9 10.8 ± 1.8 8.9 ± 0.2 
GTO1 ∆fadD: O1 228 ± 7.3 61.4 ± 0.6 2.5 ± 0.04 29.1 ± 0.7 10.6 ± 1.1 9.5 ± 0.1 
GTO1 ∆fadD: O2 241 ± 7.4 63 ± 1.5 2.6 ± 0.1 27.8 ± 1.7 10.7 ± 1.9 8.9 ± 0.4 
GTO1 ∆yvcK: O1 265 ± 9 63.5 ± 2 3.7 ± 0.3 25.8 ± 0.3 8.4 ± 1.4 10.7 ± 1.6 







GT-O1   3.9 ± 1.4 9.3 ± 0.4 0.8 ± 0.04 90.6 ± 0.4 
GTO1 ∆fadD: O1   1.9 ± 0.04 9.8 ± 2.9 0.6 ± 0.04 90.2 ± 2.9 
GTO1 ∆fadD: O2   1.6 ± 0.36 11 ± 0.3 0.7 ± 0.04 89 ± 0.34 
GTO1 ∆yvcK: O1   4.1 ± 2.2 9.6 ± 1.2 0.7 ± 0.01 90.4 ± 1.2 
GTO1 ∆yvcK: O2   1.7 ± 0.3 14.5 ± 1.6 0.7 ± 0.03 85.5 ± 1.6 
GT-O2 background strains 
  Microsecond phase Millisecond phase Second phase 








GT-O2 270 ± 6 60.9 ± 1.1 2.3 ± 0.1 30.6 ± 1.2 10.6 ± 1.8 8.5 ± 0.3 
GTO2 ∆fadD: O1 260 ± 13 64 ± 0.2  2.6 ± 0.1 27.3 ± 0.2 9.5 ± 1.5 8.5 ± 0.1 
GTO2 ∆htrA: O1-4 340 ± 12 64.1 ± 0.9 2.8 ± 0.2 27.2 ± 1 4.8 ± 0.5 8.7 ± 0.4 
GTO2 ∆htrA: O1-16 314 ± 10.6 64.3 ± 1.4 3.1 ± 0.4 26.8 ± 1.6 8 ± 1.4 8.9 ± 0.9 
GTO2 ∆htrA: O2 303 ± 16.8  59.7 ± 1 2.6 ± 0.1 31.7 ± 1.2 11.2 ± 3 8.7 ± 0.2 








GT-O2   1 ± 0.1  13 ± 0.8 0.8 ± 0 87 ± 0.8 
GTO2 ∆fadD: O1   1.7 ± 0.1 10.4 ± 0.8 0.6 ± 0.01 89.6 ± 0.8 
GTO2 ∆htrA: O1-4   1.7 ± 0.02 9.9 ± 0.9 0.7 ± 0 90.1 ± 0.9 
GTO2 ∆htrA: O1-16   1.2 ± 0.3 9.5 ± 2 0.7 ± 0.04 90.5 ± 2 
GTO2 ∆htrA: O2   1.5 ± 0.1 11.9 ± 0.6 0.7 ± 0.03 88 ± 0.6 
GTO2 ∆yvcK: O1   1.3 ± 0.2 11.7 ± 2.1  0.7 ± 0.04 88.3 ± 2.1 
All data in the table are an average of three independent repeats except for the GTO1 ∆fadD: O1 strain, 








































Chapter 4 – Discussion 
 
4.1.  Making of double mutant strains to identify the role of mutations found 
in the GT-O2 strain 
 
The strategy of introducing the gene of interest into the neutral site first, before 
knocking out the gene of interest at its native site, has proven to be effective as it 
circumvents the likeliness that the gene of interest is essential to the cell and 
knocking it out first would be detrimental. Previous attempts to create ∆htrA and 
∆yvcK strains in Synechocystis 6803 had resulted in heterozygous strains (Koh, 
2019), suggesting that the htrA (encodes for a protease) and yvcK (potentially 
involved in gluconeogenesis and cell shape) genes have an essential role. Using 
this strategy had resulted in successful making of 11 desired double mutant strains 
required to identify the role of mutations found in the GT-O2 strain. The GTO2 
∆fadD: O2 and GTO2 ∆yvcK: O2 strains were not made due to time constraints. The 
GTO1 ∆htrA: O2 strain exhibited an unexpected reversal to heterozygosity. 
 
For the GTO1 ∆htrA: O2 strain and its predecessor strain GTO1 htrA: O2, the htrA 
gene inserted into the neutral site failed to segregate fully. Despite initial Sanger 
sequencing confirming a fully segregated htrA gene in the neutral site of the GTO1 
htrA: O2 strain, the mutant had, at some point, become heterozygous. The 
heterozygosity was only detected after the GTO1 ∆htrA: O2 strain was made which 
was also found to be heterozygous, highlighting the genetic instability of 
Synechocystis 6803.  
 
A potential cause of the loss of homozygosity could be attributed to the media the 
strains were growing on or the expression of the GT-O2 copy of htrA. When making 
the GTO1 htrA: O2, GTO1 ∆htrA: O2, GTO2 htrA: O2 and GTO2 ∆htrA: O2 strains, 
colonies had been observed to appear on transformant agar plates without glucose 
and atrazine. Subsequent restreaking of these colonies onto media plates with 
glucose and atrazine had shown, however, these strains were capable of surviving 
heterotrophically (i.e. media with glucose and atrazine). 
 
The presence of glucose may have induced more stress to the transformant htrA 
cell strains than its absence on top of subjecting the cells to an already stressful 
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transformation procedure. It is possible the expression of the GT-O2 copy of htrA 
had affected the cells’ ability to adapt to heterotrophic conditions (i.e. media with 
glucose and atrazine added). This is supported by the observation that colonies 
could appear on glucose and atrazine-containing transformant plates for htrA strains 
expressing the GT-O1 copy of htrA regardless of if they are of GT-O1 or GT-O2 
background. 
 
This may explain the reversion of homozygosity for the GTO1 htrA: O2 and GTO1 
∆htrA: O2 strains. While the GTO2 htrA: O2 and GTO2 ∆htrA: O2 strains were 
homozygous for the htrA gene in the neutral site and were capable of surviving 
heterotrophically, there may be a chance they could revert to heterozygosity given 
enough time and restreaks. However, given that both these strains were from a GT-
O2 background, introducing a GT-O2 copy of htrA back may not be met with 
resistance to segregate fully.  
 
Overall there was a higher chance of successful transformation for mutant strains 
introduced with the GT-O1 copy of the gene over the GT-O2 copy of the gene. 
Perhaps the incorporation GT-O2 genes may be conditionally detrimental to the 
cells in the case of the transformant htrA strains in heterotrophic media. For the 
same reasons stated above, future attempts to remake the GTO2 ∆fadD: O2 and 
GTO2 ∆yvcK: O2 strains could be done by strictly transforming and maintaining 
them on media that has no glucose and atrazine as this was not previously 
attempted (i.e. photoautotrophic media).  
 
 
4.2.  Comparison of wild-type strains  
 
Differences had been observed between the GT-O1 strain and its substrain GT-O2 
which were attributed to the five unique mutations that the GT-O2 strain possessed 
in the chlH, hik8, fadD, htrA and yvcK genes (Morris et al., 2014). As stated by 
Crawford (2015) and Crawford et al. (2016) the high light sensitivity and low chl a 
level in the GT-O2 strain were attributed to its mutated chlH gene affecting chl a 
production and thus increasing its vulnerability to high light. However, the data 
obtained from the GT-O2: chlH-O1 strain suggested the chlH mutation was not the 
sole contributor to the high light phenotype but it was rather a combination of 
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mutations exerting their effects on the GT-O2 strain. The hik8 gene, however, has 
been ruled out (Crawford, 2015).  
 
The experiments carried out in this study were designed to further characterize the 
GT-O2 strain under normal and high light conditions. Phenotypes exhibited in the 
growth assays and WCS under high light could be attributed to the chlH gene 
mutation while the causes of the phenotype observed in the variable chl a 
fluorescence induction assays were less easily explained. 
 
Photoautotrophic growth of the GT-O1 and GT-O2 strains under normal and high 
light conditions in this study yielded similar results to Crawford (2015); normal light 
conditions yielded no significant difference in the doubling times between both WT 
strains; high light conditions caused photobleaching in the GT-O2 strain as well as 
initial plateauing followed by recovery of cell density to the same level as the GT-O1 
strain; this demonstrated the strain was unable to acclimatize to prolonged high light 
conditions. The WCS profile of the GT-O2 strain in this study showed flatter chl a 
and PBS absorption maxima peaks and carotenoid shoulder than the GT-O1 strain 
under high light conditions. The flatter chl a absorption maxima peaks were likely 
caused by the chlH mutation in GT-O2 which would have affected chl a production. 
Lower chl a levels would also affect the number of functional photosystems which 
would affect high light acclimatisation.   
 
The variable chl a fluorescence induction of the WT strains revealed that the GT-O2 
strain had a distinct trace from the GT-O1 strain in the absence and presence of 
DCMU (Figure 31 A and B). When compared to the GT-O1 strain in the absence of 
DCMU, the GT-O2 strain had a lower J-level, P-peak and a flatter J-I phase. This 
indicates that the GT-O2 strain potentially had a more oxidised plastoquinone pool. 
In the presence of DCMU, the GT-O2 strain demonstrated a higher S-M rise than 
that of the GT-O1 strain. The S-M rise has been identified as an indication of the 
process of state transition where photosystems are moving from state 2 to state 1 
(Kaňa et al., 2014; Stirbet et al., 2014). This means that the GT-O2 cells underwent 
a greater state transition from state 2 to state 1 than the GT-O1 strain. The 
fluorescence rise between the S to M points are a result of increasingly more light 
directed into PS II by the PBS. If the GT-O2 strain had a more oxidised 
plastoquinone pool than the GT-O1 strain, it would experience a greater state 2 to 
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state 1 transition due to a greater redox shift, and thus higher fluorescence in its S-
M rise. 
 
The results of the variable chl a fluorescence decay and decay kinetics in the 
absence and presence of DCMU yielded no significant differences in decay between 
the WT strains. In the non-normalised decay trace, in the presence and absence of 
DCMU, the GT-O2 strain had a higher FO than the GT-O1 strain, suggesting it either 
has a larger amount of inactive PS II centres or increased coupling of the PBS to PS 
II or different PS I: PS II ratios. This made sense due to the mutation in its chlH gene 
that would impact chl a production and would in turn impact PS II assembly. 
However, both WT strains have approximately similar amounts of variable 
fluorescence, indicating they may have similar amounts of PS II centres available. 
This finding seems to agree with the fluorescence induction trace of the GT-O2 
strain having only slightly fewer PS II centres available.  
 
The variable chl a fluorescence induction and decay assays and decay kinetics paint 
a picture that the five unique mutations in the GT-O2 strain exert their effect only on 
the acceptor side of PS II and not the donor side. The variable chl a fluorescence 
induction assay also demonstrated that the GT-O2 strain possesses a more 
oxidised plastoquinone pool and undergoes a larger state transition than the GT-O1 
strain.  
 
It is difficult to explain how the fluorescence finding is linked to the high light 
phenotype seen in GT-O2 as firstly, this distinct fluorescence trace was part of the 
cells’ steady state physiology, not a high light phenotype; secondly there are 
multiple mutations in the GT-O2 strain. The following sections will discuss the 
findings of the experiments carried out on the fadD, htrA and yvcK mutants to 
systematically elucidate the cause of the high light phenotype. The aim of this study 
was to identify the gene(s) responsible for the high light sensitivity in the GT-O2 
strain (and by extension, the GT-O2: chlH-O1 strain) with focus on the fadD, htrA 





4.3.  Causes of the GT-O2 strain high light phenotype  
4.3.1.  The role of the fadD gene in chl a production and membrane stability 
 
The data obtained from the fadD mutants demonstrated that the fadD gene could 
confer photoprotection in conjunction with the other genes of interest; likely through, 
its effects on lipid metabolism and membrane composition would impact chl a levels 
downstream (Figure 35). The fadD gene may also have an indirect impact on the 
redox state of the plastoquinone pool. 
 
The photoautotrophic growth assays of the GTO1 ∆fadD: O1 and GTO1 ∆fadD: O2 
strains showed similar doubling times as the GT-O1 strain under normal light 
conditions and marginally lower doubling times but a slightly higher final cell density 
under high light conditions. There was also no significant difference to the damage 
and recovery rate under high light between the GTO1 and GT-O1 ∆fadD: O2 strains 
in the photodamage assay. The photoautotrophic growth and photodamage results 
suggest that the GT-O2 copy of fadD alone is not responsible for the high light 
phenotype seen in the GT-O2 strain. The slightly higher final cell density of GTO1 
∆fadD: O1 and GTO1 ∆fadD: O2 strains under high light may be attributed to the 
expression of the fadD gene at a non-native site. 
 
The GTO2 ∆fadD: O1 strain had a similar doubling time to the GT-O2 strain under 
normal and high light conditions but a higher final cell density under high light 
conditions. The GTO2 ∆fadD: O1 cell density did not plateau after 48 h in high light 
conditions indicating it acclimatised better to long periods of high light than the GT-
O2 strain and this can be attributed to the GT-O1 copy of fadD. No photobleaching 
was observed in this mutant as well unlike the GT-O2 strain. This shows that the 
fadD gene plays a role in high light acclimatisation over extended periods but the 
fadD mutation in the GT-O2 strain alone is not responsible in causing the poor 
acclimatisation seen in the GT-O2 strain.  
 
WCS profiles of the fadD GT-O1 background mutants were relatively similar to the 
GT-O1 strain regardless of light conditions and the copy of fadD expressed. The 
GTO2 ∆fadD: O1 strain revealed that it had higher levels of chl a pigment (i.e. 
sharper peaks seen at the chl a absorption maxima at 435 nm and 679 nm) 
compared to the GT-O2 strain under both light conditions. The WCS profile of the 
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GTO2 ∆fadD: O1 strain resembles that of the GT-O1 strain. The higher chl a 
pigment levels may explain why the GTO2 ∆fadD: O1 strain grew better under high 
light conditions as its higher levels of chl a would allow more photosystem assembly 
and resistance to photodamage. At this point, it is unknown why the levels of chl a 
pigment was increased in the GTO2 ∆fadD: O1 strain as its expression of a mutated 
chlH gene would have negatively impacted chl a biosynthesis. Perhaps FadD 
provides an indirect photoprotective mechanism. The FadD protein contributes to 
lipid metabolism by activating free FA (exogenous FA and endogenous FA released 
from the membranes) by binding it to the ACP (Currie et al., 2020). Activated FA can 
be sent to the FAS for recycling or building or be incorporated into the membranes. 
The mutated fadD gene would theoretically disrupt FA de novo synthesis, recycling 
efficiency, distribution, and potentially cause FA to accumulate intracellularly. As 
stated earlier, FFA accumulation in the cell may act as a surfactant that disrupts 
membranes which would in turn disrupt photosynthetic processes and make the cell 
more vulnerable to photodamage (Takatani et al., 2015).  
 
Changes in lipid profile of Synechocystis 6803 ∆fadD strains were observed when 
cells were forced to rely solely on de novo synthesis of lipids for its lipid metabolism 
instead of recycling endogenous FA or up taking exogenous FA (Kaczmarzyk and 
Fulda, 2010). The chl a molecule itself has a hydrocarbon tail serving as a 
hydrophobic anchor in the membranes. The change in lipid profile may have 
affected the supply of lipids available to synthesise the hydrocarbon tail, hence the 
lower pigment levels seen in the GT-O2 strain compared to the GTO2 ∆fadD: O1 
strain. The GTO1 ∆fadD: O2 strain chl a pigment levels were not negatively 
impacted by the expression of the GT-O2 copy of fadD probably due to it having a 
non-mutated chlH gene to sustain chl a biosynthesis.  
 
With regard to the variable chl a fluorescence induction and decay of the fadD 
mutant strains and their WT strain counterparts, significant differences were 
observed in the induction traces but not in the decay traces. This suggests the fadD 
mutation only affects the electron transfer on the acceptor side of PS II but not the 
donor side. In the absence of DCMU, GTO1 ∆fadD: O1 and GTO1 ∆fadD: O2 
strains both have a similar induction trace to the GT-O1 strain but an overall higher 
fluorescence. In the presence of DCMU, both these mutant strains had a higher FM 
than the GT-O1 strain indicating that they have larger amounts of active PS II. The 
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non-normalised fluorescence decay trace also supports this finding as both these 
mutant strains have a higher variable fluorescence than the GT-O1 strain. A 
possibility for the change in variable fluorescence could be changes in the 
membrane lipid protein interactions altering the amount of fluorescence given off. 
Again this change could be caused by changes in the lipid composition of the 
membranes due to changes in lipid profiles (Kaczmarzyk and Fulda, 2010). The 
higher overall fluorescence may be an effect of expressing the fadD gene at a non-
native site as well and that could have modified gene regulation to a small degree. 
 
The fluorescence induction trace of the GTO2 ∆fadD: O1 strain was different from 
the GT-O2 strain. Restoration of the non-mutated copy of fadD made the induction 
trace of the mutant strain resemble a GT-O1 strain trace, whereby it potentially had 
a less oxidised plastoquinone pool (in the absence of DCMU) and underwent a less 
pronounced state transition than the GT-O2 strain (in the presence of DCMU). The 
GTO2 ∆fadD: O1 strain also had higher amounts of active PS II as indicated by a 
higher FM in its induction trace and a higher variable fluorescence in its non-
normalised decay trace in presence of DCMU. This demonstrates that the 
expression of the GT-O1 copy of fadD has a role in restoring electron transfer in PS 
II to the same degree as the GT-O1 strain. This finding was in line with the data from 
the growth assay and WCS profile of the GTO2 ∆fadD: O1 strain where expressing 
a GT-O1 copy of fadD in a GT-O2 background led to a phenotype that is similar to 
the GT-O1 strain.  
 
Further characterization of the fadD mutants could be carried out to further 
understand its potential role in photoprotection. A photodamage assay could be 
carried out for the GT-O2 and GTO2 ∆fadD: O1 strains to see if the GTO2 ∆fadD: 
O1 strain is able to recover better after photodamage than the GT-O2 strain. With 
regard to the chl a levels and the state transition seen for the fadD mutant strains, 
this could be further investigated by using low-temperature (77K) fluorescence 
emission spectroscopy to look into PS II assembly, PS II to PS I stoichiometry as 





4.3.2.  The role of the htrA gene in photoprotection and with other Deg/Htr 
proteases 
 
Data obtained from the htrA mutants suggests that the htrA gene also confers a 
photoprotective effect through its protease activity; however, there is the 
confounding factor of over-lapping functions between the other Deg/Htr proteases, 
HhoA and HhoB which may lessen the impact of expressing a mutated copy of the 
htrA gene (Barker et al., 2006). More work needs to be done to confirm this. There 
was also some evidence that expressing the gene of interest at a non-native site 
may have a mild effect to gene regulation. 
 
In the photoautotrophic growth assay, the GTO1 ∆htrA: O1-4 and GTO1 ∆htrA: O1-
16 strains had similar doubling times and WCS profiles as seen with the GT-O1 
strain regardless of light conditions. Their WCS profile under high light conditions, 
however, showed that the GTO1 ∆htrA: O1-4 and GTO1 ∆htrA: O1-16 strains had 
an overall higher absorbance than the GT-O1 strain. The higher overall absorbance 
may be an effect of expressing the htrA gene at a non-native site. Overall, as the 
GTO1 ∆htrA: O1-4 and GTO1 ∆htrA: O1-16 strains express the GT-O1 copy of htrA 
in a GT-O1 background, it would be expected that they share similar physiology with 
the GT-O1 strain.  
 
The photoautotrophic growth of the GTO2 ∆htrA: O1-4 and GTO2 ∆htrA: O1-16 
strains showed similar doubling times to the GT-O2 strain regardless of light 
conditions. However, both these mutant strains had a higher final cell density under 
normal light conditions compared to the GT-O2 strain. The photobleaching and the 
plateauing of cell density observed in the GT-O2 strain after 48 h of high light was 
also absent in these two strains. The WCS profiles of the GTO2 ∆htrA: O1-4 and 
GTO2 ∆htrA: O1-16 strains were similar to the GT-O2 strain regardless of light 
conditions although both mutant strains were observed to have a higher overall 
absorbance than GT-O2 under high light. From the growth assay and WCS data, it 
can be inferred that expression of the GT-O1 copy of htrA had a role in helping 
growth under normal light conditions as well as helping cells to acclimatise better to 
extended periods of high light; this might involve its protease function in removing 




Variable chl a fluorescence induction assays of the GTO2 ∆htrA: O1-4 and GTO2 
∆htrA: O1-16 strains showed that they have retained a trace similar to the GT-O2 
strain indicating a more oxidised plastoquinone pool. The GTO2 ∆htrA: O1-4 and 
GTO2 ∆htrA: O1-16 strains, however, have a higher FM in the presence of DCMU 
indicating higher amounts of active PS II present. This is further supported by the 
non-normalised decay trace of the GTO2 ∆htrA: O1-4 and GTO2 ∆htrA: O1-16 
strains where both strains have greater variable fluorescence yield than the GT-O2 
strain.The variable chl a fluorescence decay and associated kinetics of the GTO2 
∆htrA: O1-4 and GTO2 ∆htrA: O1-16 strains against the GT-O2 strain showed no 
significant difference. The larger amounts of active PS II centres could explain why 
these two strains are able to adapt better to high light conditions than the GT-O2 
strain as there are more PS II centres available to process the increased light 
energy. Protease activity of the HtrA protein could help turnover and recycle protein 
subunits (possibly from the damaged D1) for reassembly so it may contribute to 
increasing the amount of assembled and functional photosystems. 
 
The GTO2 ∆htrA: O2 strain had the same doubling time as the GT-O2 strain but had 
a higher final cell density under normal light conditions. Under high light conditions, 
the GTO2 ∆htrA: O2 strain exhibited severe growth deficiency after the 24 h time 
point and remained so for the next 24-48 h before its cell density rapidly rises back 
up to the same final cell density as the GT-O2 strain. This unexpected phenotype 
was also reflected in the WCS profile of the mutant strain where pigment levels had 
increased between the 96-168 h time points under high light. The WCS profile of the 
GTO2 ∆htrA: O2 strain otherwise looked similar to that of the GT-O2 strain under 
normal light conditions. Despite expressing the GT-O2 copy of htrA, the GTO2 
∆htrA: O2 strain showed no photobleaching under high light conditions either, 
demonstrating resistance to high light stress. A photoprotective pathway may be 
becoming upregulated after the period of poor stagnant growth to allow the strain to 
grow under high light, in a way, it was a more dramatic version of the high light 
phenotype observed in the GT-O2 strain. This unexpected phenotype could be an 
effect of expressing the GT-O2 copy of htrA at the non-native site causing disruption 
in gene regulation but it would be hard to prove without a GTO1 ∆htrA: O2 strain to 
compare with. Another explanation could be the GTO2 ∆htrA: O2 strain developed 
de novo suppressor mutations that convey photoprotection under high light stress as 
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Synechocystis 6803 has been documented to develop de novo mutations at specific 
sites in response to environmental stressors (Nishijima et al., 2015).   
 
Variable chl a fluorescence induction showed that the GTO2 ∆htrA: O2 strain had a 
near identical trace to the GT-O2 strain in the absence and presence of DCMU 
indicating it also had a more oxidised plastoquinone pool as well as similar amounts 
of active PS II. Variable chl a fluorescence decay assays and kinetics of the GTO2 
∆htrA: O2 strain showed no significant difference to GT-O2 strain as well. The non-
normalised decay trace showed it had a slightly lower FO than the GT-O2 strain. 
Overall the experimental data shows the GTO2 ∆htrA: O2 strain demonstrates a 
similar phenotype to the GT-O2 strain under normal light conditions but not when 
placed under high light stress. The in silico analysis revealed the frameshift mutation 
in the GT-O2 copy of htrA would have severely compromised the integrity of the 
HtrA protein as the mutation would abolish the PDZ domain. Huesgen et al. (2011) 
demonstrated that by knocking out the PDZ domain of HtrA, the protein loses its 
proteolytic activity. Assuming the GT-O2 copy of the HtrA protein is non-functional, it 
would not matter where its expression site is located nor would changes in gene 
regulation be expected to have an additional impact. That could explain why the 
GTO2 ∆htrA: O2 strain retained similar levels of active PS II as the GT-O2 strain. 
 
From the available variable chl a fluorescence data, it seems that the htrA gene had 
no involvement in the ETC system unlike the fadD gene. The GTO1 ∆htrA: O1-4 and 
GTO1 ∆htrA: O1-16 strains differ from each other by the orientation of the htrA gene 
insert in the neutral site (see Section 3.2.2.) and the same goes for the GTO2 ∆htrA: 
O1-4 and GTO2 ∆htrA: O1-16 strains. Data suggests the orientation of the htrA 
gene has no significant impact on gene expression and function.  
 
In order to better understand the role the htrA gene plays in photoprotection, more 
work needs to be done on the htrA mutant strains as it is difficult to draw 
conclusions based on the current dataset. Firstly, a GTO1 ∆htrA: O2 strain needs to 
be made to allow proper comparison between the htrA strains. The GTO2 ∆htrA: O2 
strain should also be resequenced to detect for any de novo mutations that may 
have caused its drastic high light phenotype. Secondly, variable chl a fluorescence 
assays needs to be carried out on the GTO1 ∆htrA: O1-4 and GTO1 ∆htrA: O1-16 
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strains to paint a more complete picture of the htrA gene’s effect on electron transfer 
in PS II. This was not carried out in this study due to time constraints.  
 
Thirdly, since the available variable chl a fluorescence data suggest the htrA gene 
may have an impact on the amount of active PS II centres present, low temperature 
(77K) fluorescence emission spectroscopy would help confirm PS II assembly in 
relation to PS I assembly. Fourthly, the HtrA protein shares over-lapping functions 
with HhoA and HhoB (Barker et al., 2006) so effects of its elimination in the GT-O2 
strain may still be negated by the other Deg/Htr proteases. Huesgen et al. (2011) 
discovered distinct but overlapping optimum temperature and pH profiles for the 
three proteases. Perhaps experiments could be designed to provide conditions to 
optimise HtrA activity but discourage HhoA and HhoB activity under normal and high 
light conditions. Other nutrient and temperature conditions could also be tried with 
the htrA mutant strains since the Deg/Htr proteases had been linked to high 
temperature stress. Alternatively, the hhoA and hhoB genes could be knocked out. 
Initial attempts to make a ∆htrA strain were met with resistance to fully segregate 
(Koh, 2019), suggesting that the htrA gene maybe essential. However, one study 
had been able to knockout the htrA gene in Synechocystis 6803 to make a triple 
mutant ∆Deg/Htr strain. This was done by knocking out the other two Deg/Htr 
proteases first (i.e. hhoA and hhoB gene) (Silva et al., 2002). This may suggest the 
Deg/Htr proteases need to be knocked out in a certain order and may explain why 
knocking out the htrA gene first was met with resistance (Koh, 2019). 
 
Fifthly, a photodamage assay (with or without temperature stress) could be carried 
out for the htrA mutants as Deg/Htr proteases are associated with high light stress; it 
would be interesting to observe their photodamage and recovery response. Should 
the photodamage assay of the GTO2 ∆htrA: O2 strain be dissimilar to the GT-O2 
strain, whole genome sequencing could be done to try and look for any de novo 
mutations or a transcriptomic study could be conducted to see if any photoprotective 







4.3.3.  The role of the yvcK gene in carbon metabolism 
 
Data from the yvcK mutants in this study suggests the role of yvcK in 
photoprotection may be a pleiotropic one or that it works in conjunction with other 
gene(s) of interests. It was able to influence the redox state of the PS II 
plastoquinone pool as well as PS II assembly and repair. Assuming the functions 
are similar to that of its other bacterial homologues, the yvcK gene mechanism for 
influencing the redox state of the plastoquinone pool may be through the electron 
turnover that feeds into the photosynthetic and respiratory ETCs in the thylakoid 
membrane. This plastoquinone pool is shared between the photosynthetic and 
respiratory ETC pathways. However, its role in PS II assembly and repair were less 
clear as observed in the photodamage assay of the GTO1 ∆yvcK: O2 strain. 
 
Photoautotrophic growth of the GTO1 ∆yvcK: O1 and GTO1 ∆yvcK: O2 strains 
showed similar doubling times to the GT-O1 strain regardless of light conditions. 
However, under high light conditions, photobleaching and plateauing cell density 
were observed in the GTO1 ∆yvcK: O2 strain after 48 h. Cell density remained lower 
than the GT-O1 and control strain for the remainder of the growth assay as well. 
Under high light conditions, the WCS profile of GTO1 ∆yvcK: O2 strain had lower chl 
a and PBS pigment levels compared to the GT-O1 and GTO1 ∆yvcK: O1 strains. 
The GTO1 ∆yvcK: O2 strain also demonstrated increased vulnerability to the 
photodamage assay and poorer recovery in the photodamage assay compared to 
GT-O1 strain. This suggests the GTO1 ∆yvcK: O2 strain has an impaired PS II 
repair pathway as only partial recovery was seen in the photodamage assay. 
Expressing the GT-O2 copy of yvcK may cause this impaired PS II repair which 
would explain why the GTO1 ∆yvcK: O2 strain’s growth plateaued after 48 h of high 
light in the growth assay. 
 
The comparison of the variable chl a fluorescence induction traces of the GTO1 
∆yvcK: O1 and GTO1 ∆yvcK: O2 strains against the GT-O1 strain showed that the 
GTO1 ∆yvcK: O1 strain resembled the GT-O1 strain while the GTO1 ∆yvcK: O2 
strain resembles the GT-O2 strain in the absence and presence of DCMU. This 
suggests the GTO1 ∆yvcK: O2 strain had a more oxidised plastoquinone pool and 
more pronounced state transition than the GT-O1 strain (like the GT-O2 strain). This 
may be caused by faster turnover in the ETC by increasing its consumption rate of 
119 
 
ATP and NADPH (see Figure 35). The mutated copy of yvcK may have upset the 
carbohydrate metabolism regulation causing this faster turnover. The lower levels of 
PS II may explain the growth deficiency and the poorer PS II assembly and repair 
under high light. Having fewer photosystems to quench the light energy could lead 
to the formation of more ROS that damages nearby photosystems. The fact that it 
has lower active PS II levels under normal conditions suggests this strain already 
had de novo PS II synthesis issues. The high light conditions would exacerbate the 
effects of the impairment. How the expression of the GT-O2 copy of yvcK in the 
GTO1 ∆yvcK: O2 strain increases photodamage vulnerability and impacts the repair 
cycle remains unclear. 
 
The GTO2 ∆yvcK: O1 strain had a similar doubling time to the GT-O2 strain under 
normal and high light conditions. It also behaved similarly to the GT-O2 strain 
displaying a lower final cell density (under normal light), a plateauing cell density 
after 48 h (under both light conditions) and had the gradual rise of cell density 
toward the end of the growth assay along with photobleaching (under high light). Its 
WCS profile was similar to the GT-O2 strain under both light conditions except that it 
had a higher overall absorbance. Its variable chl a fluorescence induction trace was 
similar to that of the GT-O2 strain as well. This result indicates the GT-O1 copy of 
yvcK does not provide a rescue phenotype on its own.  
 
The overall the variable chl a fluorescence data of the yvcK mutants show the yvcK 
gene exerting its effects on the acceptor side of the ETC but only mild effects were 
observed on the donor side in PS II. The normalised fluorescence decay trace and 
related kinetics of the GTO1 ∆yvcK: O1 and GTO1 ∆yvcK: O2 strains showed a 
slightly slower and faster decay, respectively, to the GT-O1 strain. The normalised 
fluorescence decay trace and kinetics of the GTO2 ∆yvcK: O1 strain showed no 
significant differences to the GT-O2 strain. The fluorescence induction trace and 
non-normalised fluorescence of the GTO1 ∆yvcK: O1 strain demonstrated higher 
amounts of active PS II and greater variable fluorescence, respectively, than the 
GT-O1 strain, in the presence of DCMU. The differences in variable fluorescence 
may be an effect of expressing the yvcK gene at a non-native site (as observed for 




The data from the yvcK mutants suggests that the yvcK gene works in conjunction 
with another gene(s) of interest to exert its influence. Alternatively, it suggests that 
the yvcK gene may have a pleiotropic effect in the redox state of the plastoquinone 
pool, PS II assembly and repair and photoprotection. Görke et al. (2005) described 
B. subtilis ∆yvcK suppressor mutants appearing on media with no glucose and 
found that the mutants could be separated into groups that could either grow in all 
types of media or only a subset of the media the original B. subtilis ∆yvcK strain 
could grow on. It was suggested that mutations from different genes were able to 
suppress the growth defect of the B. subtilis ∆yvcK strain. Combined with the data 
from the yvcK mutant strains in this study, this supports the theory of yvcK having a 
pleiotropic role. The yvcK gene in Synechocystis 6803 would theoretically work with 
other gene(s) of interest to maintain the redox state of the plastoquinone pool similar 
to that of the GT-O1 strain. A possible candidate may be the fadD gene as 
demonstrated in the induction trace of the GTO2 ∆fadD: O1 strain which was similar 
to that of the GT-O1 strain. The yvcK gene is also likely under the influence of Hik8, 
which is known to regulate genes involved in gluconeogenesis (Okada et al., 2015; 
Singh and Sherman, 2005). In the case of the GTO2 ∆yvcK: O1 strain, even though 
it is expressing a functional YvcK, its Hik8 is still non-functional so YvcK may not be 
able to exert its effects (Figure 35). This may explain why the GTO2 ∆yvcK: O1 
strain behaves similarly to the GT-O2 strain in all the assays. 
 
Blue-native gels could be performed on the GTO1 ∆yvcK: O2 strain to observe 
stages of PS II assembly. Low-temperature (77K) fluorescence emission 
spectroscopy would be useful to look at the PS II: PS I ratio and PBS energy 
transfer as well for the GTO1 ∆yvcK: O2 and GTO2 ∆yvcK: O1 strain (Lamb et al., 
2018). Growing the GT-O2, GTO1 ∆yvcK: O2 and GTO2 ∆yvcK: O1 strains in 
mixotrophic conditions or different light cycles could also be attempted. 
 
It may be worth investigating the effect of deleting YvcK on the cell morphology and 
glucose metabolism on Synechocystis 6803 as that it where it has been 
documented to exert its effect in its bacterial homologues. As YvcK was associated 
with cell length and shape in B. subtilis, it would be interesting to observe the cell 
shape of the GT-O2, GTO1 ∆yvcK: O2 and GTO2 ∆yvcK: O1 strains using 
differential interference contrast microscopy. Given that B. subtilis and 
Synechocystis 6803 are differently shaped, the YvcK in Synechocystis 6803 may be 
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arranged in a different manner than the helical structure of YvcK in B. subtilis (which 
would give rise to the B. subtilis rod cell shape).  Immunofluorescence could be 
used to view the YvcK structure in Synechocystis 6803 as Foulquier et al. (2011) 
have done.  
 
 
4.4.  Conservation of fadD, htrA and yvcK genes and future directions 
 
The sequence conservation for the FadD, HtrA and YvcK protein exhibited 
considerable similarity (~40-100%) between the compared cyanobacterial species, 
suggesting these proteins play an important role. This was further supported by 
previous attempts to create ∆htrA and ∆yvcK strains in Synechocystis 6803 which 
resulted in heterozygous strains (Koh, 2019). This suggests that the htrA and yvcK 
genes play an essential role in Synechocystis 6803.  
 
Protein structures are not available for the FadD, HtrA and YvcK proteins. With 
regard to FadD and YvcK, the lack of solved structures make it difficult to predict 
what effect the GT-O2 SNP mutations would have on structure and function. As the 
GT-O2 mutation in each case is an SNP, the two resulting proteins may still fully or 
partially retain their functional domains upstream or downstream of the SNP.  
 
For the FadD protein, the arginine to glutamine mutation was at a position that was 
highly conserved in cyanobacterial strains (89.7 %), suggesting this residue is 
embedded in a conserved functional domain and plays a role in its function. The GT-
O2 SNP had changed the arginine residue to a glutamine residue which is an 
uncommon residue among cyanobacterial species (3.6 %), changing a positively 
charged side change to a polar one. This change may affect the functional domain 
of FadD given its conserved position in the AA sequence.  
 
In the case of HtrA, the frameshift mutation of the GT-O2 copy of htrA (Figure 13 A 
and B) altered the downstream AA sequence after the 34th residue and introduced 
multiple stop codons as well. There may be a chance that the unaltered upstream 
residues are able to form the transmembrane domain at the N-terminus. However, it 
seems the frameshift mutation will have rendered the entire downstream htrA 
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encoded sequence to be non-functional by truncating and changing the AA 
sequence, leading to the complete loss of the C-terminal PDZ domain in HtrA.  
 
Despite the drastic change in AA sequence in GT-O2 (leading to loss of a functional 
domain), no phenotypical differences were detected between the htrA strains that 
were expressing either the GT-O1 or GT-O2 copy of htrA so far. This could be 
attributed to the other Deg/Htr proteases present in GT-O2, namely HhoA and HhoB 
that are able to make up for the deficient HtrA as they were suggested to have 
overlapping functions (Huesgen et al., 2011). 
 
With the lack of a solved protein structure and poor protein structure prediction 
quality for the FadD, HtrA and YvcK proteins, it makes it difficult to predict how the 
unique mutations in GT-O2 would impact the protein structure and function in silico. 
Recently there has been an artificial intelligence program that performs protein 
structure predictions with high accuracy called AlphaFold that is available through 
Google DeepMind (Senior et al., 2020). However, it has not been made accessible 
to researchers yet, although, once it becomes so, it would be interesting to see its 
predictions on the FadD, HtrA and YvcK protein structures.  
 
For the YvcK protein, asparagine was the most common AA in the 307th position 
across cyanobacterial species (64.9 %). The GT-O1 and GT-O2 strains have a 
serine and phenylalanine residue at the 307th position, respectively. Both these AA 
residues are not residues commonly found among cyanobacteria with serine and 
phenylalanine consisting of 4 % and 0.6 % of the AA residue distribution at the 307th 
position. There are also more diverse AA residues observed at the 307th position 
across cyanobacterial species indicating that the position or region is less 
conserved. This suggests the 307th position or region may not be part of a functional 
domain or that it serves a less critical function. Therefore the S307F mutation in this 
region may not have a huge impact on protein function. However, this does not 
necessarily mean protein function would be retained as the S307F mutation had 
changed a polar AA side chain to a non-polar one, this may have implications to the 
hydrophobicity of the region and may affect protein folding and by extension, its 
function. The fact that the yvcK strains had demonstrated phenotypical differences 
depending on which copy of yvcK is being expressed points to the S307F mutation 
having an effect on YvcK function. 
123 
 
The alignment of the AA sequence of the GT-O1 strain YvcK against bacterial 
species where YvcK had been characterised revealed a pairwise identity range of 
36.9 - 49.5 % while the pairwise identity range of YvcK amongst cyanobacterial 
species was 45.5-100 %. This is indicative that cyanobacterial YvcK is genetically 
distinct from the bacterial YvcK and might serve slightly different functions. Part of 
this genetic distinction lies in the 5’ extended region present in the YvcK of 
cyanobacteria but absent in bacteria (Figure 14C). As the yvcK gene in B. subtilis 
exists within an operon with the yvcJ gene located directly upstream of yvcK, it was 
possible that the yvcK 5’ extended region found in cyanobacteria could be a yvcJ 
homologue; however, alignment of the B. subtilis yvcJ against cyanobacterial 
species suggested otherwise with only six cyanobacterial species with 33.3 - 39.9 % 
pairwise identity to B. subtilis yvcJ. Basal cyanobacterial species (Synechococcus 
sp. JA-2-3B’a (2-13) and JA-3-3Ab) were found amongst these six species with the 
yvcJ homologue suggesting that yvcJ may have been evolutionarily lost over time 
(Figure 14D). The yvcK 5’ extended region of the GT-O1 strain itself only had 14.4 
% pairwise identity to B. subtilis yvcJ, discounting the theory that the yvcK 5’ 
extended region is a potential yvcJ homologue.  
 
The distinction between the YvcK of cyanobacterial and bacterial species of having 
an additional 5’ region upstream may indicate that the cyanobacterial YvcK may 
have an additional functional domain while still performing the function carried out by 
the CofD domain toward the 3’ end. While cyanobacterial YvcK has not been 
characterised before, we can still extrapolate its function based on studies carried 
out on other bacterial species due to them sharing a fairly conserved CofD region.  
 
 
4.5.  Connecting the dots to the high-light phenotype of the GT-O2 strain  
 
The GT-O2 strain’s five unique mutations were likely caused by sequential selective 
mutations to better adapt to its lab environment. Maintained long-term in a 
photoheterotrophic media under constant light would mean that the cell has a 
reduced need for a circadian rhythm and photosynthesis. These processes were 
then reduced by the mutation of the chlH, hik8, fadD, htrA and yvcK genes. These 
mutations, however, would have a trade-off as it made the strain less fit to survive 
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well under photoautotrophic or high light conditions (which would usually be the 
conditions placed on the cells when performing experiments).  
  
Overall, the data suggests two possibilities to explain how the high light phenotype 
of the GT-O2 strain occurred; one is caused by increased high light vulnerability and 
subsequent manipulation of carbon metabolism to reduce photoinhibition damage; 
the other is caused by initial unbalancing of the carbon metabolism (due to changes 
in circadian rhythm) and subsequent regulation of photosynthetic processes to 
maintain a homeostasis in the cell physiology.  
 
In this study and Crawford (2015) the chlH, fadD, htrA and yvcK genes were 
observed to confer photoprotection though different mechanisms of action either in 
conjunction with other genes or as a stand-alone. The five unique mutations in the 
GT-O2 strain cause loss of gene function and affected gene regulation. For some 
genes, the loss of function directly translates to less photoprotection and therefore a 
poorer ability to acclimatise to high light. For others (like the hik8 and yvcK genes), it 
was trickier to theorise how loss of function would actually help confer 
photoprotection or physiological stability due to the pleiotropic nature of the genes 
(see Figure 35 for overview of this section).  
 
 
4.5.1.  Causes of high light sensitivity and vulnerability 
 
The effects of the mutated chlH, fadD, htrA and yvcK genes would reduce the 
efficiency of the photosynthetic processes.  
 
The mutated ChlH would have impacted the chl a levels which would affect the 
ability to assemble functional photosystems. A mutated FadD would upset the 
activated FA supply required for lipid metabolism of the cell, chl a synthesis and 
membrane lipid composition. Changes in membrane lipid composition would affect 
its fluidity as well as the function of membrane bound proteins (which includes the 
entire photosynthetic apparatus). Alternatively, intracellular FA build-up can also 




The mutated HtrA would have resulted in the loss of the protease function in the cell. 
Build-up of damaged proteins can result in the build-up of ROS as well, which would 
cause damage to nearby photosystems and surrounding structures, making the cell 
more vulnerable to further light-induced damage. However, due to the Deg/Htr 
protease functions overlapping, it is hard to observe the extent of photoprotection 
that the htrA gene can provide. 
 
The mutated YvcK on its own was observed to significantly impact PS II levels as 
well as PS II repair and assembly although the mechanism is unknown. The native 
yvcK on its own, however, did not seem to confer any photoprotective effects. This 
suggests it has either a pleiotropic effect or needs to exert its effects together with 
another gene(s).  
 
 
4.5.2.  High light phenotype of the GTO2 chlH: O1 strain and the Hik8 and 
ChlH relationship 
 
There may be reason to believe the functions of Hik8 and ChlH are closely tied 
together from the results of a dot transformation experiment (Crawford, 2015). The 
dot transformation involved immobilising liquid culture on top of a solid agar media 
(with the appropriate antibiotics for selection pressure and with no glucose) and the 
PCR product(s) would then be spotted onto the plate. After an incubation period, 
formation of a bacterial lawn only where the PCR product was added would indicate 
a successful transformation. Crawford (2015) observed almost full restoration of 
photoautotrophic growth after introducing a GT-O1 copy of chlH and hik8 together 
into a GT-O2 ∆ycf strain; a strain which was initially unable to grow 
photoautotrophically. No restoration was observed when only the GT-O1 copy of 
hik8 was used and partial restoration was seen when only the GT-O1 copy of chlH 
was used. 
 
Another observation that ties the Hik8 and ChlH functions together was the 
discovery of an intermediate strain between GT-O1 and GT-O2 strain which only 
possesses two of the unique mutations on its hik8 and chlH gene (Morris et al., 
2014). The remaining fadD, htrA and yvcK genes would subsequently mutate to 
form the GT-O2 strain. The fact that the hik8 and chlH/ genes mutated together first 
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emphasizes their closely tied functions as well as the need for hik8 to function 
together with another gene.  
 
With regard to the GTO2 chlH: O1 strain, expression of the GT-O1 copy of chlH in a 
GT-O2 background would mean that the cell could synthesise chl a and thus allow 
photosystems to assemble and photosynthesize properly. Piecing everything 
together, this strain would have a functional photosystem that would naturally 
produce more ROS under high light conditions; combined with decreased 
photoprotection (from expressing a mutant FadD and HtrA) and dysfunctional 
regulation of metabolic pathways (from expressing a mutant Hik8 and YvcK).  
 
As Crawford (2015) dot transformation had shown, both the GT-O1 copy of chlH and 
hik8 (i.e. functional genes) were needed together to restore photoautotrophic growth 
in a GT-O2 ∆ycf strain. This suggests the cell needs to balance its photosynthetic 
efficiency with its metabolic efficiency (that is regulated by Hik8). Disruption of this 
balance as seen in the GTO2 chlH: O1 strain, along with decreased photoprotection, 
had proven detrimental, as the cell does not have the metabolic means to keep up 
with normal photosynthesis. 
 
 
4.5.3.  Evolution of the GT-O2 strain was caused by the environment it was 
maintained in 
 
The five unique mutations generally made sense in the context of the conditions the 
GT-O2 strain was maintained in long-term, which were constant light and 
heterotrophic conditions. Growth in heterotrophic conditions would encourage 
upregulation the cell’s use of glucose or glycogen stores and its affiliated pathways 
(Koksharova et al., 1998). Under a light/dark cycle, the cell’s circadian rhythm would 
change and regulate different sets of genes. Saha et al. (2016) found upregulated 
expression of genes that are involved in regulatory functions and transport and 
binding proteins just before transition to the light period; and genes involved in lipid 
metabolism, photosynthesis and respiration right after transition to the light period. 
This circadian rhythm would have been altered in the GT-O2 strain as it is exposed 
to constant light. The combination of both these environmental factors would cause 
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selection for mutations along the gene categories outlined in the study by Saha et al. 
(2016).  
 
With regard to how the GT-O2 strain may have evolved, the cell may have obtained 
the hik8 mutation first, followed quickly by the chlH mutation (or vice versa). This 
may be to avoid the detrimental consequences observed in the GTO2 chlH: O1 
strain in high light; where the cell cannot survive with just one gene and without the 
other. The follow-up mutations in the fadD, htrA and yvcK genes may be a necessity 
to further stabilise the intermediate strain’s altered photosynthetic and carbon 
metabolism. 
 
Regarding the mutated htrA gene, it is difficult to explain why removing its protease 
ability would make the GT-O2 strain more fit to survive in the environment it is 
maintained in. For the mutated yvcK gene, being maintained on photoautotrophic 
media would mean the need to make glucose severely diminished since glucose is 
readily available. So it made sense to disable the gluconeogenesis pathway. The 
fadD gene mutation may help further reduce photosynthetic efficiency together with 
the mutated ChlH to match the cell’s changed carbon metabolism. 
 
The above suggestions are supported by the fact that the GTO1 ∆yvcK: O2 strain 
has lower final cell density under photoautotrophic growth. Proving that 
gluconeogenesis provides a necessary glucose source for the GT-O1 strain to keep 
up with its photosynthetic processes. In the GT-O2 strain that is maintained on 
heterotrophic media, the decreased photosynthetic efficiency may requires less 
glucose to maintain it (thus disabling the gluconeogenesis route through yvcK). 
However, under photoautotrophic conditions, these five mutations would prove 
disadvantageous as they were originally primed to help the cell thrive under 










4.5.4. Explaining the more oxidised plastoquinone pool in the GT-O2 strain 
 
The redox state of the plastoquinone pool may be caused by fewer incoming 
electrons to reduce the pool or increased oxidation of the pool upstream of the ETC 
(Figure 35). The former may be influenced by decreased availability of succinate (a 
tricarboxylic acid cycle (TCA) cycle intermediate) or NAD(P)H as well as decreased 
PS II activity. The latter may be caused by faster cycling of the terminal electron 
acceptors. 
 
As both photosynthetic and respiratory ETCs are located within the thylakoid 
membrane, they share the same PC, Cyt c553 and plastoquinone pool (Lea-Smith et 
al., 2016). The respiratory ETC in the thylakoid membrane involves the NAD(P)H 
dehydrogenase-1 (NDH-1), succinate dehydrogenase (SDH), Cyt b6f , cytochrome c 
oxidase (COX) (Nagarajan and and Pakrasi, 2016) (Figure 35). Electrons from NDH-
I and SDH are passed on to plastoquinone which shuttles the electrons to Cyt b6f. 
From there, electrons are passed on to COX by either PC or Cyt c553 (Vermaas, 
2001). The NDH-I, Cyt b6f and COX also function as proton pumps to maintain a 
proton gradient to power ATP-synthase. The SDH contributes 10-fold more 
electrons to the plastoquinone pool than NDH-1; however, PS II remains the 
heaviest contributor of electrons (depending on light availability, it can contribute 50 
times more electrons than SDH) (Vermaas, 2001).  
 
The GT-O2 strain’s mutations would have caused decreased photosynthetic 
efficiency and complementary decreased respiratory carbon metabolism to balance 
metabolic needs of the cell. The SDH converts succinate to fumarate in the 
cyanobacterial TCA cycle (Lea-Smith et al., 2016). Decrease in upstream glycolysis 
activity would have slowed down the TCA cycle and the supply of succinate to SDH. 
This would have decreased the amount of electrons flowing into the plastoquinone 
pool through SDH.  
 
The decreased amounts active PS II would also contribute fewer incoming electrons 
to reduce the plastoquinone pool. Indeed, the GTO2 ∆fadD:O1 strain had a less 
oxidised plastoquinone pool (resembling the GT-O1 strain) compared to the GT-O2 
strain. Expression of the non-mutated chlH gene had restored chl a levels which 
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would restore PS II activity. This would lead to more electrons entering and reducing 
the plastoquinone pool via PS II.  
 
Another support for having fewer incoming electrons to reduce the plastoquinone 
pool would be that the GTO1 ∆yvcK: O2 strain would theoretically have insufficient 
glucose available for downstream glycolysis and TCA cycle in photoautotrophic 
conditions. This would mean there is also less succinate available which would limit 
SDH activity. This would limit elections entering the ETC via SDH and fewer 
electrons would be available to reduce the plastoquinone pool. 
 
Alternatively, there may be increased turnover of electrons by COX or PS I (through 
the Calvin-Benson cycle) which would ultimately oxidise more plastoquinones, but 
this theory is harder to prove with the data available. PS I itself can accept triple the 
amount of electrons over COX (Nagarajan and and Pakrasi, 2016).  The rate 
limitation of PS I is caused by light, FD or NADP+ availability and reduced PC or Cyt 
c553 availability. The rate limitation of COX would be the availability of reduced PC or 
Cyt c553 (Nagarajan and and Pakrasi, 2016).  
 
Under heterotrophic conditions, combined with decreased photosynthetic efficiency, 
the GT-O2 strain can easily use pathways that do not require photosynthesis to 
provide a carbon source. Under photoautotrophic conditions, it is forced to 
upregulate photosynthesis for its carbon source (Figure 35). The final metabolite 
product of the Calvin-Benson cycle is glyceraldehyde 3-phosphate (G3P), a carbon 
metabolite that can be incorporated into the glycolysis and gluconeogenesis 
pathways. The upregulated Calvin-Benson cycle would cause more turnover of 
electrons in the ETC through PS I, which would cause increased oxidation of the 














































































































































































































































































































































































































































The GT-O2 strain’s lower final cell density in the phototrophic growth assays (under 
normal conditions) and plateauing cell density (under high light) is likely a reflection 
of its lowered photosynthetic efficiency (i.e. photosystem assembly, activity and 
repair); which is conferred by the mutated chlH, fadD, htrA and yvcK genes. These 
genes possibly mutated to allow the cells to adapt better in the environment in which 
they were maintained on (i.e. heterotrophic conditions and constant light); however, 
these mutations do not appear to be advantageous under photoautotrophic 
conditions. Photoautotrophic growth under high light can exacerbate these 
disadvantages. More work, however, needs done and the desired strains made to 
confirm this theory. 
 
Photodamage assays of chlH mutants strains would help assess their high light 
vulnerability and ability to recover. Blue-native gels could be used to observe PSII 
assembly as well. As a ∆hik8 strain was observed to have pleiotropic effects under 
different light cycles (Singh and Sherman, 2005), it may be worthwhile to grow hik8 
mutants under varying light cycles too. While initial experiments on the GT-O1 
background hik8 mutants proved uneventful, hik8 mutants could be made in the GT-
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Appendix 1. Photoautotrophic growth assays of WT strains, hik8 and chlH 













































LB media:  
1 % bactotryptone, 0.5 % yeast extract, 1 % NaCl and 1.5 % agar (for agar media only). 
 
Trace minerals:  
Boric acid (H3BO3) 46.26 mM, manganese (II) chloride tetrahydrate (MnCl2.4H2O) 8.9 mM, 
zinc sulfate heptahydrate (ZnSO4.7H2O) 0.77 mM, copper (II) sulfate pentahydrate 
(CuSO4.5H2O) 0.32 mM, sodium molybdate dehydrate (Na2MoO4.2H2O) 1.61 mM and cobalt 
(II) nitrate hexahydrate (Co(NO3)2.6H2O) 0.17 mM. 
 
BG-11 liquid media:  
1× BG-11 (without iron, phosphate or carbonate), ferric ammonium citrate (C6H8FeNO7) (6 
μg.mL-1), sodium carbonate (Na2CO3) (20 μg.mL-1) and dipotassium hydrogen phosphate 
(K2HPO4) (30.5 μg.mL-1). 
 
BG-11 media 100x (without iron, phosphate or carbonate):  
Sodium nitrate (NaNO3) 1.76 M, magnesium sulfate heptahydrate (MgSO4.7H2O) 30.4 mM, 
calcium chloride dihydrate (CaCl2.2H2O) 24.5 mM, citric acid (C6H8O7) 2.86 mM and 
disodium ethylenediaminetetraacetate (C10H14N2Na2O8) pH 8 0.22 mM and 10% (v/v) trace 
minerals. 
 
BG-11 agar media:  







Potassium ferricyanide:  
1 mM potassium ferricyanide (K3Fe(CN)6) dissolved in Mill-Q water. 
 
2, 5-dimethyl-1, 4-benzoquinone (DMBQ):  
200 μM of DMBQ dissolved in 100 % ethanol. 
 
3-(3, 4-dichlorophenyl)-1, 1-dimethylurea (DCMU):   












5× TBE buffer:  
445 mM Tris, 445 mM boric, 10 mM EDTA pH 8. 
 
6× DNA loading dye:  
0.25% bromophenol blue, 0.25% xylene cyanol FF, 30% glycerol. 
 
Solution 1 (autoclaved):  
5% (v/v) glucose 1 M, 2.5% (v/v) 1 M Tris/HCl pH 8 and 2% (v/v) 0.5 M EDTA pH 8. 
 
Solution 2:  
2% (v/v) NaOH 10 M and 55% (v/v) SDS 20%. 
 
Solution 3:  
2.99 M potassium acetate and 11.5% (v/v) glacial acetate acid. 
 
TE buffer:  
10 mM Tris/HCl and 1 mM EDTA pH 8. 
 
STET buffer pH 8:  
100 mM NaCl, 50 mM Tris, 10 mM EDTA and 0.5% Triton X-100. Adjusted to pH 8.0 using 



























AuxDuration=10.1s     ; Act. light interval 
PreFlash=0us             ; PreFlash 
include default1.inc               ; Include standard options, don't remove it ! 
include detector.inc 
M_Voltage=90Num         ; Measur.light voltage 
F_Voltage=0 
A_Voltage=50Num          ; Act. light voltage 
;********************************************************************* 
<init>=>FastMode(0),Gain1(100) 
Fo=<200us,400us..800us>            ; Define Fo measurment 
ab=<10us,20us..40us>       
a=<50us,75us..150us>       











Light=1ms                             ; Actinic Flash 























































Appendix 4. Fluorometer script for variable chl a fluorescence decay 
 
; QA- Reoxidation - generated by wizard 












; PRE-DEFINED PARAMETERS 
<init>=>FastMode(0),Gain1(100) 
; TIMING DEFINITION 
Fo=<200us,400us..800us>            ; Define Fo measurment 
a=<50us,75us..150us>       





















<Flash1>=>F1                        ; Actinic Flash 
<Flash1>=>A1 
;<f2>=>F1                        ; Actinic Flash 
;<f2>=>A1 
;<f3>=>F1                        ; Actinic Flash 
;<f3>=>A1 
;<f4>=>F1                        ; Actinic Flash 
;<f4>=>A1 
































































The two biological repeats for the photoautotrophic growth assay for GTO2 ∆htra: O2. When 
GTO2 ∆htra: O2 was grown under high light conditions, the growth was initially supressed, but 
started to recover after 72 h for the first repeat and 96 h for the second repeat. No notable 
difference was seen when this strain was grown under normal light conditions between the two 
repeats. HL: High light; solid lines: normal light conditions; dotted lines: high light conditions; 
pink lines: first repeat; deep blue lines: second repeat; [1]: first biological repeat; [2]: second 
biological repeat.  All data in the growth assays are an average of two independent repeats. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
